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1. Introduction

1.1 Literature review of fleet-level studies that included electrofuels (e-fuels)
Table S1 lists studies that evaluated the greenhouse gas (GHG) mitigation potential of e-fuels at
the fleet level for light-duty vehicles (LDVs).

Table S1 Review of light-duty vehicle (LDV) fleet-level studies that included electrofuels (e-fuels)

Study How the study assessed the mitigation potential of e-fuels and study
results

Searle & Christensen Estimated supply potential of e-fuels in the European Union (EU) based on

[1] cost and deployment rate and projected maximum greenhouse gas

reduction of 4 Mt CO,-eq per year in EU road transport by 2030 under
policy support of €3/L.

Rottoli et al. [2] & Compared greenhouse gas mitigation potential of the large-scale
Dirnachner et al. [3] deployment of electric vehicles (EVs) with e-fuels in the European light-duty
vehicle (LDV) fleet to meet a global emission budget (800 Gt CO,, 2011-
2100). Both strategies were projected to meet the climate targets but
required bioenergy with carbon capture and storage to be deployed to
offset emissions from light-duty vehicles, and using e-fuels was shown to
have higher impacts on health, ecosystem, and resources.

Rudisdli et al. [4], [5] Compared fleet-level greenhouse gas emission reduction and requirements
in the energy system from large-scale deployment of battery electric
vehicles (BEVs), hydrogen fuel cell electric vehicles, and synthetic natural
gas vehicles (SNG-Vs) in the 2015-2050 Swiss passenger car fleet, and
reported the lowest emissions from using BEVs if flexibility options are
available.

Garcia et al. [5] Compared fleet-level well-to-wheel greenhouse gas reduction in the EU and
U.S. car fleets by the large-scale deployment of EVs versus e-fuels, and
found EVs would result in more reduction in EU while e-fuels would result
in more reduction in the U.S.

Net Zero America [6] Devised pathways for reaching net-zero emissions by 2050. For one
scenario, e-fuels were assumed to replace all conventional gasoline and
diesel. It is unclear whether the upstream emissions (e.g., embodied
emissions from renewable electricity generation, vehicle cycle) were
included.

Helgeson & Peter [7] Simulated a cost-minimal decarbonization pathway for the electricity and
road transportation sectors in European countries to 2050. Power-to-x
gasoline and diesel were included. Unclear whether embodied emissions
from renewable electricity generation and vehicle cycle were included.




2. Methods

2.1 Methods of sensitivity analysis on fuel-level GHG emissions

In the default case for mass and energy balance data, we adopt carbon capture data from the
Greenhouse Gases, Regulated Emissions, and Energy Use in Transportation (GREET) Model 2022
[8] and other (non-carbon capture) process data from Soler et al. [9]. To evaluate the impact of
data source selection, we conduct a sensitivity analysis on fuel-level greenhouse gas (GHG)
emissions of e-gasoline using multiple data sources in mass and energy balance for carbon
capture and other processes (Table S2). For carbon capture data from GREET 2022 [8], we
further include two industrial flue gas sources (natural gas combined cycle power plants,
ammonia production plants) and three direct air capture (DAC) technologies (low-temperature
DAC under current status and future status, and high-temperature DAC). For e-gasoline
transportation & distribution (T&D), we adopt the same value (0.01 kg CO,-eq/kg e-gasoline)
from GREET 2022 [8] for all options.

Table S3 lists energy requirements for carbon capture from various data sources, while Table
S4 lists feedstock requirements for the whole e-gasoline production process and energy
requirements for e-gasoline production processes other than carbon capture. Emission factors
of energy inputs are default values: 438 g CO,-eq/kWh for the 2022 U.S. grid electricity [8], [10],
39.2 g CO,-eq/kWh for solar PV electricity [8], 10.4 g CO,-eq/kWh for wind electricity [8], 75.4 g
CO,-eq/M for natural gas heat [11], and 0.251 g CO,-eq/M\ for solar thermal heat [11].

Table S2 Scenarios and data sources for sensitivity analysis on fuel-level GHG emissions

“ Scenario of fuel-level Data source for stages *
sensitivity analysis Carbon capture Other processes ? T&D

1 |All default (DAC) GREET 2022 (LT DAC current) |Soler et al. GREET 2022
2 |All default (IND) GREET 2022 (NGCC) Soler et al. GREET 2022
3 |All Hombach (DAC) Hombach et al. Hombach et al. GREET 2022
4 |Giesen + Hombach (IND) |Giesen et al. Hombach et al. GREET 2022
5 |All Soler (DAC, IND) Soler et al. Soler et al. GREET 2022
6 |All Orddiiez (DAC, IND) |Ordodiiez et al. Ordodiiez et al. GREET 2022
7 |All GREET (DAC) GREET 2022 (LT DAC current) |GREET 2022 GREET 2022
8 |All GREET (IND) GREET 2022 (NGCC) GREET 2022 GREET 2022
9 |Improved DAC (LT) GREET 2022 (LT DAC future) |Soler et al. GREET 2022
10 |Improved DAC (HT) GREET 2022 (HT DAC) Soler et al. GREET 2022
11 [IND from NH3 GREET 2022 (Ammonia) Soler et al. GREET 2022

1 Five data sources are adopted: Hombach et al. [11], Giesen et al. [12], Soler et al. [9], Ordédiiez et al.

[11], and GREET 2022 [8].

2 Other processes include hydrogen production, syngas production (reverse water gas shift reactions or

co-electrolysis), and chemical synthesis (Fisher-Tropsch synthesis or methanol synthesis with the




methanol-to-gasoline process), hydro-processing (hydrocracking or hydrotreatment), and product
separation & upgrading.

Abbreviations: T&D: transportation and distribution; GREET: Greenhouse Gases, Regulated Emissions,
and Energy Use in Transportation Model; IND: CO, captured from industrial sources; DAC: direct air
capture; LT: low temperature; HT: high temperature; NGCC: natural gas combine cycle.

Table S3 Energy requirements for carbon capture from various sources

Energy requirements for carbon
capture
# | CO,source | Industrial source | Data source? —
Electricity External heat
(kWh/kg CO,) (MJ/kg CO,)
1 | Industrial Natural gas power | Giesen et al. [12] 0.48 0
CO, plant GREET 2022 [8] 0.34 0
Coal power plant | Orddiiez et al. [11] 0 0
Steam methane Soler et al. [9] 0.14 ELE:01?
reforming COE: 0.131
Ammonia GREET 2022 [8] 0.09 0
production
2 | Direct air NA Hombach et al. [11] 0.38 6.1
capture NA Soler et al. [9] 0.5 ELE:3.32
COE: 5.02
NA GREET 2022 [8] LT current: 0.72 | LT current: 14.88
LT future: 0.52 LT future: 6.75
HT: 0.26 HT: 8.81

1 Numbers in the tables correspond to using heat produced from Fischer-Tropsch synthesis in carbon
capture. If no heat integration between the two processes is considered, 0.9 MJ of heat/kg CO, is
needed.

2 Numbers in the tables correspond to using heat produced from Fischer-Tropsch synthesis in carbon
capture. If no heat integration between the two processes is considered, 5.8 MJ of heat/kg CO, is
needed.

Abbreviation: ELE: electrolysis; COE: co-electrolysis; LT: low temperature; HT: high temperature; NA: not
applicable

Table S4 Feedstock requirements for the whole e-gasoline production process and energy
requirements for e-gasoline production processes other than carbon capture (CC)

Energy
requirements
E-gasoline production Feedstock requirements (processes
# Data source
pathway other than

CQ)

H, Cco, Electricity




(kg/MJ) (kg/MJ) (kWh/MJ)

Hombach et al. [11] 0.01 0.08 0.60
Ordofiiez et al. [11] 0.01 0.10 0.73

1| FT-ELE
Soler et al. [9] 0.01 0.09 0.60
GREET 2022 [8] 0.02 0.15 0
Hombach et al. [11] NA 0.08 0.40

2 | FT-COE Ordodiiez et al. [11] NA 0.11 0.77
Soler et al. [9] NA 0.09 0.51

3 | MTG-ELE Soler et al. [9] 0.01 0.07 0.53

Abbreviations: FT: Fischer-Tropsch; MTG: methanol-to-gasoline; ELE: electrolysis-based production
pathway; COE: co-electrolysis-based production pathway; NA: not applicable.

2.2 Calculate well-to-wheel efficiency

Table S5 lists parameters and data sources to calculate the well-to-wheel efficiencies for
battery electric vehicles (BEVs), internal combustion engine vehicles using gasoline (ICEVs-G)
with e-gasoline, hybrid electric vehicles (HEVs) with e-gasoline, and fuel cell electric vehicles
(FCEVs). Although not part of the main paper, we also include FCEVs in our efficiency
comparison as they provide an alternate pathway for using H, for light-duty vehicle (LDV)
transportation. The well-to-wheel (WtW) efficiency consists of well-to-tank efficiency and tank-
to-wheel efficiency.

To calculate the well-to-tank efficiency, we consider the energy losses from different stages for
different vehicles. For BEVs, the well-to-tank efficiency consists of the efficiency of electricity
transmission & distribution and BEV charging. For ICEVs-G or HEVs using e-gasoline, the well-to-
tank efficiency consists of the efficiency of electricity transmission & distribution, H, production,
carbon capture, and e-gasoline production. For FCEVs, the well-to-tank efficiency consists of the
efficiency of electricity transmission & distribution and H, production. Efficiency data on
electricity transmission & distribution is estimated from the average 5% transmission &
distribution loss from 2017 to 2021 in the U.S. [13]. BEV charging efficiency is estimated from
the 10% energy loss from battery charging [14]. Efficiencies related to chemical conversion (i.e.,
H, production, carbon capture, e-gasoline production) are estimated using the mass and energy
balance with the lower heating value (LHV) of H, (119.96 MJ/kg) and e-gasoline (30.9 MJ/L) [8].
Energy losses from the transportation and distribution of hydrogen and e-fuel are not
considered in the study. Similarly, energy losses from electricity generation are not considered,
however, this does not affect the comparison between pathways since all (BEVs, ICEVs with e-
fuels, and FCEVs) rely on electricity as the main energy input.

The tank-to-wheel efficiency differs by driving type [14], [15], [16]. The tank-to-wheel
efficiencies used in this study are 55% city and 45% highway driving [14], [15], [16]. The tank-to-
wheel efficiencies are estimated from energy losses during vehicle driving, which differ across
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vehicle technologies. The tank-to-wheel efficiencies for BEVs, ICEVs-G, and HEVs are the
average values collected from [14], [15], [16]. For BEVs, accessory losses, electric drive system
losses, and auxiliary electrical losses are considered in [14]. For ICEVs and HEVSs, engine losses,
auxiliary electrical losses, parasitic losses, and drivetrain losses are considered in [15], [16].
Special for BEVs and HEVs, these two vehicle technologies can recover energy from
regenerative braking. BEVs can recover approximately 22% of the energy used for charging
from regenerative braking [14]. HEVs can recover 5-9% of energy from regenerative braking
[15]. For the tank-to-wheel efficiency of FCEV, we adopt the efficiency of Hyundai Nexo Blue
(2019) measured by Lohse-Busch et al. [17]. This vehicle model is picked as it is one of the latest
models in [17] and its weight (1928 kg) is closer to the FCEVs with conventional materials (1653
kg) in GREET 2022 [8] than the other 2019 models.

Table S5 Parameters and data sources to calculate well-to-wheel efficiency

Vehicle Well-to-tank efficiency Tank-to-wheel efficiency

technology Stages Value Value
Electricity

BEV transmission & 95% [13] 74% (without regenerative braking) [14]
distribution 99% (with regenerative braking) [14]
BEV charging 90% [14]
Electricity
transmission & 95% [13]

ICEV-G + e- distribution

. - 20% [16]
gasoline H, production,

carbon capture, e- | 27-52% [8], [9]
gasoline production

Electricity
transmission & 95% [13]
) distribution 23% (without regenerative braking) [15]
HEV + e-gasoline - . . .
H, production, 30% (with regenerative braking) [15]

carbon capture, e- | 27-52% [8], [9]
gasoline production

Electricity
transmission & 95% [13]
FCEV distribution 64% [17]
67% (AEL

electrolysis) [11]

H, production

Abbreviations: BEV: battery electric vehicle; ICEV-G: internal combustion engine vehicle using gasoline;
HEV: hybrid electric vehicle; FCEV: fuel cell electric vehicle; AEL: alkaline electrolysis.



2.3 Calculate CO, emission budgets to meet climate change targets

We guantify cumulative CO, emission budgets for the U.S. LDV fleet to meet climate targets
using methods developed in our prior work [18], which are based on global carbon emission
pathways developed by Integrated Assessment Models (IAMs) [19]. These emission pathways
outline potential temporal and spatial distributions of CO, emissions consistent with specific
climate targets under various shared socio-economic pathways (SSPs). The emission pathways
are then downscaled at the national and sectoral levels with an allocation approach. We apply
the contraction & convergence approach that shares the GHG emission budget among nations
and sectors, while allowing expansions of emissions for the least economically developed
nations [20]. To further downscale the budget to the sectoral level, we assume proportional
efforts from all sectors, and thus the contributions from life-cycle emissions from the U.S. LDV
fleet are assumed to be 29% during 2015-2050. Note that this is higher than the reported share
of LDV GHG emissions in national GHG inventories [21], primarily due to the inclusion of life
cycle emissions and (to a lesser extent) due to the inclusion of non-CO, emissions in the
calculation for 2015 LDV emissions (i.e., in the numerator), compared to national CO, emissions
(the denominator). With six IAMs, four SSPs, and two convergence years (2040 and 2050), we
obtained 26 different budgets for the 1.5 °C target and 38 for the 2 °C target, and the median of
each distribution is used as default in the analysis [18].

Our budget (33 Gt CO,) is tighter than the U.S. LDV fleet cumulative CO, budget (44-50 Gt CO,)
from 2015 to 2050 under the 2 °C climate targets in [22] due primarily to the different sectoral
allocation approaches employed. Milovanoff et al. [22] applied the Global Change Assessment
Model (GCAM) to estimate the U.S. LDV fleet CO, emission budgets consistent with the 2 °C
climate targets under various SSPs, and then adjusted the budgets to the system boundary
consistent with the Fleet Life Cycle Assessment and Material-Flow Estimation (FLAME) model .
This resulted in a larger-than-proportionate share of the GHG budget being allocated to the LDV
fleet. Our BAU emission projection is also lower, due to the lower future vehicle stock (reaching
273 million vehicles in 2050) updated according to Annual Energy Outlook (AEQ) 2022 [10].
Although the larger budget may reflect the relative difficulty of decarbonizing mobile emission
sources, the proportional allocation we employ is conceptually simpler and is more
conservative and robust to exogenous efforts from other sectors.

This study pairs CO, emission budgets from the IAMs with GHG emissions (consolidated in CO,-
eq using the 100-year global warming potentials, GWP) from the LDV fleet for the LDV sectoral
targets and backcasting analysis. This introduces a minor inconsistency but allows us to remain
consistent with climate science (where budgets are generally based specifically on cumulative
CO;) while preventing shifting burdens among different GHGs. We argue this is a reasonable
compromise due to the low overall contribution from non-CO, GHG emissions in the life cycle
of LDVs [23], prior work suggesting that GWP remains a good metric for LDV fleets [23], and the
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challenges that would be involved in setting a GHG budget that more directly accounts for non-
CO, GHG emissions [24].

2.4 Calculate emergence growth rate

2.4.1 Data source

Historical production data on biodiesel and ethanol in the U.S. is collected from the U.S. Energy
Information Administration (EIA) [25]. Historical production data on oil refineries from 1949 to
2021 in the U.S. is collected from the bp Statistical Review of World Energy [26]. Production
data on oil refineries in 1864, 1865, 1872, 1873, 1881, 1884, 1888, 1895, 1896, 1897, 1906, and
1911 are collected from Williamson et al. [27]. Years with missing values are filled with linear
interpolation. Data on unconventional growth is obtained from Odenweller et al. [28].

2.4.2 Calculation methods
Emergence growth rates are calculated according to methods in Odenweller et al. [28]. Data

before reaching the maximum value (including the maximum value) is used for the calculation.
Data is first normalized by dividing by the maximum value, and then fitted to a standard logistic

max

c®= —k(t-t

0
curve: 1+e  where ¢

max js the asymptote (i.e., maximum value), ¥ is the growth
constant, and o is the inflection point (C(to) - Cmax/z). Emergence growth rates are calculated

using the formula: b= e“ -1 The self-starting nonlinear least squares logistic model is applied.

2.5 Calculate demand for critical materials from water electrolyzers

2.5.1 Technologies and materials included

Table S6 shows the water electrolysis technologies and critical materials included in the analysis.
We consider the three widely studied water electrolysis technologies: alkaline electrolysis (AEL),
proton exchange membrane (PEM) electrolysis, and solid oxide electrolysis cells (SOEC) [29].

AEL electrolyzers submerge nickel-based electrodes in an alkaline electrolyte solution (usually
potassium hydroxide) and separate electrodes with a diaphragm made from polyphenylene
sulfide (PPS) [29], [30]. It is a mature and commercialized technology with a longer lifetime and
larger capacity for deployment than the other technologies [29]. Neither the U.S. Department
of Energy (DOE) [29] nor Kiemel et al. [30] considered critical material use in AEL, while
International Energy Agency (IEA) [31] considered nickel (Ni) and zirconium (Zr) and Koj et al.
[32] included Ni, Zr, aluminum (Al), copper (Cu), unalloyed steel, etc. Therefore, for critical
materials used in AEL, we include Al and Zr as they are on the critical material list [33] and Ni as
it was recommended to be included on the critical material list by the United States Geological
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Survey (USGS) in 2021 [33]. Cu and steel are excluded because they are not on the critical
material list and were not recommended to be included in the list [33].

PEM electrolyzers use platinum-based cathodes and iridium-based anodes, which are separated
by a Nafion ion exchange membrane and a titanium (Ti) bipolar plate [29], [30]. U.S. DOE [29]
projected PEM to have the highest market share for hydrogen production for synthetic fuels in
the U.S. in 2050. Its capital costs are high due to the use of noble metals such as platinum group
metals (PGM) [30]. U.S. DOE [29] included platinum (Pt), iridium (Ir), graphite, Ti, chromium (Cr),
Ni, and Al for PEM electrolyzers, reporting high supply chain risks for Pt, Ir, and graphite as their
future demands are projected to be higher than their current supplies which highly depend on
import. Kiemel et al. [30] selected Pt, Ir, and Ti as critical materials for PEM electrolyzers based
on expert workshops. IEA [31] included Pt, Ir, and palladium (Pd) in their analysis. For this study,
we include Al, Ir, Pt, and Ti as they are all on the critical material list [33]. Although Pd can
replace Pt at the cathode and Pd is more abundant and less expensive than Pt [34], Pt is
currently the most common cathode material in PEM and the material intensity of Pt is
available in the literature [29], [30], and thus Pd is excluded from the analysis. Graphite is on
the critical material list [33] and was rated as a high-risk material for PEM electrolyzers and fuel
cells by the U.S. DOE [29]. However, different from PEM fuel cells which widely use graphite in
catalyst support, gas diffusion layer, and bipolar plates, PEM water electrolyzers only use
graphite in the form of carbon paper in the gas diffusion layer [29], [35]. Neither HyTechCycling
[35], IEA [31], nor Kiemel et al. [30] listed graphite as a critical material for PEM water
electrolyzers. Without a reliable data source of the material intensity of graphite in PEM water
electrolyzers, we exclude graphite from consideration. Cr is on the critical material list [33] and
was rated as a moderate-risk material for PEM electrolyzers by the U.S. DOE [29]. However,
neither Hytechcycling [35], IEA [31], nor Kiemel et al. [30] listed Cr as a critical material for PEM
water electrolyzers. Without a reliable data source of the material intensity of Cr in PEM water
electrolyzers, Cr is excluded from the analysis. Ru (ruthenium) is on the critical material list [33]
and can be used in the anode as a substitute for Ir [29], [35], [36]. However, as Ir is more
commonly used and has higher resistance against corrosion [35], [36], we include Ir and exclude
Pd in the analysis.

SOECs use oxide ion-conducting electrolytes that are commonly made from yttria-stabilized
zirconia and operate under high temperatures [29], [30]. It is an emerging but promising
technology with higher efficiency [29], while it is less mature and has a shorter lifetime due to
the quick degradation of metals under high temperatures than other technologies [29], [30].
Lanthanum (La), strontium (Sr), cobalt (Co), iron (Fe), manganese (Mn), yttrium (Y), Zr, Ni,
stainless steel, and borosilicate glass were included in the critical material assessment for SOEC
by U.S. DOE [29], which projected that Sr and Y would be at high supply risk while Co, Fe, La,
Mn, and Ni would be at moderate risk. Kiemel et al. [30] considered Y and scandium (Sc) as
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critical materials for SOEC. IEA [31] included Ni, Zr, La, and Y in the analysis. In the SOEC model
in Hafele et al. [37], yttria-doped ceria (YDC) was used and YDC contains cerium (Ce). We
include Zr, Ir, Ti, Co, Gd, La, Mn, Sm, Sr, and Y as they are all on the critical material list [33]. Ni
is also included since it is recommended to be included in the list by the USGS [33]. Fe, stainless
steel, and borosilicate glass are excluded as they are not on the critical material list and were
not recommended to be included [33], and were not rated as high-risk materials for water
electrolyzers and fuel cells in U.S. DOE [29]. As a potential substitute for Y [30], Sc is excluded
because the U.S. DOE [29] only considered SOEC made from Y rather than Sc and the material
intensity of Sc used in SOEC is not available. Ce is ranked 13 in the critical material analysis
conducted by USGS [33]. The SOEC model in U.S. DOE [29] did not include Ce, probably because
doped ceria is less common than stabilized zirconia in the oxygen ion conductors for the
electrolyte layer [38]. Ce is not considered in our study, given that material intensities from U.S.
DOE [29] is adopted to keep consistent with other parameters and neither IEA [31] nor Kiemel
et al. [30] selected Ce as a critical material for water electrolysis.

Table S6 Materials and technologies selected for the dynamic material flow analysis (MFA) for water
electrolyzers

Water electrolyzer technology
Material Alkaline electrolyzer Proton exchange Solid oxide electrolyzer
(AEL) membrane (PEM) cell (SOEC)

Aluminum (Al) v v

Nickel (Ni) v 4
Zirconium (Zr) v 4
Iridium (Ir) v

Platinum (Pt) v

Titanium (Ti) v

Cobalt (Co) 4
Gadolinium (Gd) 4
Lanthanum (La) 4
Manganese (Mn) v
Samarium (Sm) 4
Strontium (Sr) v
Yttrium (Y) 4

2.5.2 Method framework

Figure S1 illustrates the method framework to estimate the demand for critical materials from

water electrolyzers. The method is adapted from [29]. After obtaining the annual demand for e-
gasoline in the U.S. LDV fleet to meet climate targets for each e-gasoline and BEV deployment
scenario, we estimate the associated demand for H, and syngas using feedstock requirements
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under production pathway and CO, source assumptions. Annual demand for H, or syngas for e-
gasoline production is then used to estimate the annual installed capacity of water electrolyzers
using technology share, capacity factor, and energy efficiency. Annual newly installed capacity
and retired capacity of water electrolyzers are estimated based on assumed lifetimes. Demands
for newly installed and retired capacity are then used to estimate annual demands for critical
materials using material intensity, waste intensity during manufacturing, and material recovery
rate after the end of life. The annual and cumulative demands for critical materials are further
compared with current U.S. consumption, world production, and world reserves, respectively.
The following sections contain details of the main steps.

‘ Annual demand for e-gasolinein the U.S. LDV fleet |

Feedstock requirement

b

‘ Annual demand for Hz or syngas for e-gasoline production |

Technology share, capacity
factor, energy efficiency

4

‘ Annual installed capacity of water electrolyzers

Lifetime

Annual newly installed capacity of water electrolyzers
Annual retired capacity of water electrolyzers

Material intensity, waste
intensity, material recovery rate

s 2 C 2 =
‘ Annual demand for critical materials |ﬂ+ U.S. consumption & world production |
; ! = g Compare
‘ Cumulative demand for critical materials l—»{ World reserve |

Figure S1 Method flowchart of the dynamic material flow analysis (MFA) to estimate critical material
demand in water electrolyzer to produce e-gasoline for the U.S. light-duty vehicle (LDV) fleet

2.5.3 Estimate annual installed capacity

After obtaining the required demand for H, and syngas from the FLAME model, we estimate the
required annual installed capacity using formula (1), which is adapted from methods in [29].

demand_tot, X mar_share , X eff
capacity_ins,, , = 3 (1)
CF, X365 X% 24 x10

t =2020,..,2050;w = AEL, PEM, SOEC
capacity_ins,, Required installed capacity of technology W in year t, MW

demand_tot, Total demand for hydrogen or syngas in year t, K9 H2 for AEL and PEM,
kg syngas for SOEC

mar_share,, Market share of technology W

eff, kWh electricity
Energy efficiency of technology ¥, kg H, for AEL and PEM,
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kWh electricity

kg syngas  for SOEC
CF, Capacity factor of technology W

The market share of technology under various fleet-level scenarios is shown in Table S7. We
select FT-gasoline as the e-gasoline type since the fuel-level LCAs show that the fuel-level GHG
intensities of MTG-gasoline are close to FT-gasoline produced from co-electrolysis-based
production pathways. The scenarios are based on using DAC for capturing CO, as e-gasoline
produced from DAC-based CO, is less controversial for assuming carbon-neutral combustion
and is more consistent with a future world in which climate targets are being met. DAC is
heated by solar thermal energy to ensure that e-gasoline is less GHG-intensive than
conventional gasoline.

Scenarios 1 to 6 use one type of technology exclusively to provide upper bounds of estimates
on critical material demands. Scenarios 7 to 9 use all types of technology based on the
projected market share for all newly installed capacity in the U.S. in 2050 for hydrogen used in
synfuels in [29]. As [29] provided market share data only for 2050, we assume that the market
share will be constant during the study period. The market share of technology is based on the
mass of hydrogen or syngas generation rather than water electrolyzer capacity, consistent with
[29].

Table S7 Market share of water electrolyzers under fleet-level scenarios !

. Production Electricity | Market share of technology
# | Scenario
pathway source AEL PEM SOEC

1 | All AEL with wind FT + ELE Wind 1 0 0

2 | All AEL with PV FT + ELE Solar PV 1 0 0

3 | All SOEC with wind FT + COE Wind 0 0 1
4 | All SOEC with PV FT + COE Solar PV 0 0 1

5 | All PEM with wind FT + COE Wind 0 1 0

6 | All PEM with PV FT + COE Solar PV 0 1 0

7 | AEL/PEM/SOEC with wind FT + ELE / COE Wind 0.2 0.5 0.3
8 | AEL/PEM/SOEC with PV FT + ELE / COE Solar PV 0.2 0.5 0.3

. . Wind /
9 | AEL/PEM/SOEC with wind/solar | FT + ELE / COE 0.2 0.5 0.3
solar PV 2

1 All fleet-level FT-gasoline scenarios use CO, from direct air capture heated with solar thermal energy
and assume the same electricity source for all production steps (i.e., electrolysis / co-electrolysis, carbon
capture, syngas production, and Fischer-Tropsch process).

2 Share of wind and solar electricity source: 44% wind and 56% solar PV (details in SI Section 2.6.3).
Abbreviations: AEL: alkaline electrolysis; PEM: proton exchange membrane electrolysis; SOEC: solid
oxide electrolyzer cell; PV: photovoltaic; FT: Fischer-Tropsch; ELE: electrolysis; COE: co-electrolysis.
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The values and sources of energy efficiency and capacity are shown in Table $8. The capacity
factor of 0.9 is used in U.S. DOE [29] under the high capacity factor operation assumption. It is
slightly lower than 0.95 for the AEL electrolyzer in Koj et al. [32]. We adopt the value in [29] as it
is a more up-to-date report reflecting the U.S. situation and providing numbers for all
technologies.

Table S8 Energy efficiency, and capacity factor of water electrolyzers used in this study

Parameter name Technology Value | Unit Source
AEL 50 kWh electricity/kg H, [9]

Energy efficiency PEM 48 kWh electricity/kg H, [39]
SOEC 7.91 kWh electricity/kg syngas [9]
AEL 0.9 NA [29]

Capacity factor PEM 0.9 NA [29]
SOEC 0.9 NA [29]

Abbreviations: AEL: alkaline electrolysis; PEM: proton exchange membrane electrolysis; SOEC: solid
oxide electrolyzer cell; NA: not applicable.

2.5.4 Estimate annual newly installed and retired capacity

The annual newly installed and retired capacities are estimated using formulas (2)-(4). We
assume that both retirement and new installments only occur at the beginning of the year (t).
For the starting year 2020, no capacity is assumed to be retired (i.e., CPacitY.Tely, 2020 =0,
capacity_ins new,, oo = Capacity_ins,, ;o). |n year t, all capacity installed in previous years (from
2020 to t - 1) will have certain probabilities of retirement. Therefore, the total retired capacity
in t will be the summation of the retired capacity that is installed from 2020 to t - 1. The
capacity that is installed in ¢ and will retire in t can be calculated as the product between the
total capacity newly installed in i and the probability that the capacity installed in i would retire
int, i.e., the lifetime of water electrolyzers is t - i. Much literature reported lifetime operation
hours rather than actual lifetime. Since water electrolyzers are not working full hours across the
year (i.e., capacity factor is not equal to 1), the actual lifetime would be longer than the lifetime
operation hours. Therefore, we use the capacity factor to obtain the lifetime of water
electrolyzers. We assume that the lifetime of water electrolyzers would follow a normal
distribution truncated by the minimum lifetime of 1 year and the maximum lifetime from the
literature. The maximum lifetime is rounded up to an integer as retirement is assumed to only
happen at the beginning of the year and to make sure that the maximum values are used. All
values are collected from the literature and some of them are the predicted values for the
future (Table S9). The lifetime of water electrolyzers is assumed to be unchanged during the
study period. Negative values of newly installed capacity are treated as zero and the annual
installed capacity is adjusted accordingly.

capacity_ins_new,, , = capacity_ins , , - capacity_ins, ,_, + capacity_ret , . (2)
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t=2021,..., 2050;w = AEL, PEM, SOEC
capacity_ins_new,, . Required newly installed capacity of technology W in year t, MW

capacity_ins,, Required installed capacity of technology W in year t, MW
capacity_ins,, ;4 Required installed capacity of technology W in year t =1, MW
capacity_ret,, , Capacity of technology W retired in year t, MW

capacity_ret,, .

t-1 . t-1 (3)
= Z capacity_retwl’t = Z capacity_ins_new,
i=2020 i=2020
o lifetime_oper_h,, o o
lifetime,, = 365 % 24 X CF ~ N(lifetime_mean,, lifetime_sd,,) (4)
t=2021,..,2050;w = AEL, PEM, SOEC
capacity_ret,, , Capacity of technology W retired in year t, MW
capacity_retvj't Capacity of technology W that was installed in year ¢ and retired
inyeart, MW
capacity_ins_new,, Required newly installed capacity of technology W in year i, MW
lifetime,, Lifetime of water electrolyzers in technology W, YT
lifetime_oper_h,, Lifetime operation hours of water electrolyzers in technology W,
yr
CF, Capacity factor of technology W
lifetime_mean,, Mean of lifetime of water electrolyzers in technology W in the
normal distribution, Y7
lifetime_sd,, Standard deviation of lifetime of water electrolyzers in

technology W in the normal distribution, Y7

Table S9 Lifetime operation hours of water electrolyzers used in the study

Parameter name Technology Value Unit Source
o ) AEL 75 1000 hours [32], [40], [41], [42] ¢
Mean of lifetime operation
h PEM 50 1000 hours [29], [41], [42], [43] -2
ours
SOEC 22 1000 hours [29], [41], [42] !
o o AEL 14 1000 hours [32], [40], [41], [42] ¢
Standard deviation of lifetime
_ PEM 33 1000 hours [29], [41], [42], [43] -2
operation hours
SOEC 13 1000 hours [29], [41], [42] %3
, o . AEL 100 1000 hours [41]3
Maximum lifetime operation
h PEM 120 1000 hours [41]3
ours
SOEC 80 1000 hours [41]3

1 For IRENA [41], 2020 scenario is adopted.
2 For Schmidt et al. [42], 2017 scenario is adopted.
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3 For IRENA [41], 2050 scenario is adopted.
Abbreviations: AEL: alkaline electrolysis; PEM: proton exchange membrane electrolysis; SOEC: solid
oxide electrolyzer cell.

2.5.5 Estimate annual material demand

Annual demand for critical materials is then estimated using formula (5). Data and sources of
material intensity and percentage of material loss during manufacturing are shown in Table S10
and Table S11. Given the high uncertainty of the material recovery rates related to water
electrolyzers, we consider two extreme cases to provide upper and lower bounds of estimates:
0% material recovery (RR =0) and 100% material recovery (RR = 1), In the 100% material
recovery case, materials from both manufacturing waste and retired capacity can be 100%
recovered. We only include materials used in stacks and exclude materials used in the balance

of plants.
demand_mat,
= Z{capacity_ins_neww, ¢ X MI W,m[l + Waste_perc )
w

m = Al, Ni, Zr, Ir, Pt, Ti, Co, Gd, La, Mn, Sm, S, Y;t = 2020,...,, 2050;w = AEL, PEM, SOEC
demand_mat, Demand for material M in year t, kg
capacity_ins_new,, .  Required newly installed capacity of technology W in year t, MW
Mmi,, .. Material intensity of material M for technology W, kg/MW
Waste_perc,, ., Percentage of material loss during manufacturing of material ™ for

technology W

capacity_ret,, , Capacity of technology W retired in year t, MW
RR Material recovery rate of material ™ for technology W

Table S10 Material intensity of water electrolyzers used in the study

Material Technology Value Unit Source
, AEL 75 kg/MW [32]
Aluminum (Al) -
PEM 27 kg/MW [43] 2017 scenario
) ) AEL 3200 kg/MW [32]
Nickel (Ni)
SOEC 130 kg/MW [37]
o AEL 140 kg/MW [32]
Zirconium (Zr)
SOEC 63 kg/MW [29]
Averages of [41], [43] (toda
Iridium (Ir) PEM 1.03 kg/MW g [41], 1431 y
scenario)
Averages of [41], [43] (toda
Platinum (Pt) PEM 0.29 kg/MW g [41], (431 y
scenario)
Titanium (Ti) PEM 530 kg/MW [43] 2017 scenario
Cobalt (Co) SOEC 2.6 kg/MW [32]
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Gadolinium (Gd) SOEC 0.0048 kg/MW Transformed from [29]
Lanthanum (La) SOEC 7.8 kg/MW Transformed from [29]
Manganese (Mn) SOEC 1.6 kg/MW Transformed from [29]
Samarium (Sm) SOEC 0.0048 kg/MW Transformed from [29]
Strontium (Sr) SOEC 2.4 kg/MW Transformed from [29]
Yttrium (Y) SOEC 11 kg/MW Transformed from [29]

Abbreviations: AEL: alkaline electrolysis; PEM: proton exchange membrane electrolysis; SOEC: solid

oxide electrolyzer cell

Table S11 Percentage of material loss during manufacturing water electrolyzers used in this study

Material Technology? Value Source
. AEL 200% [8]
Aluminum (Al)
PEM 0% No data, assume to be 0
. . AEL 9% [8]
Nickel (Ni)
SOEC 19% (8]
. . AEL 0% (8]
Zirconium (Zr)
SOEC 0% (8]
Iridium (Ir) PEM 400% (8]
Platinum (Pt) PEM 240% [8]
Titanium (Ti) PEM 34% [8]
Cobalt (Co) SOEC 20% [8]
Gadolinium (Gd) SOEC 0% (8]
Lanthanum (La) SOEC 0% [8]
Manganese (Mn) SOEC 67% [8]
Samarium (Sm) SOEC 0% No data, assume to be 0
Strontium (Sr) SOEC 0% [8]
Yttrium (Y) SOEC 0% [8]

Abbreviations: AEL: alkaline electrolysis; PEM: proton exchange membrane electrolysis; SOEC: solid

oxide electrolyzer cell.

Much literature reported SOEC material intensities in the form of compound or mixture, and

thus we transform the value into the form of the element using chemical formulas in Table $12.

Table $12 Chemical formulas for materials used in SOEC used in the study

Abbreviation | Full name Chemical formula Source
LSM Lanthanum strontium manganite Lag gSrg,MnO;3 [37]
) ) [38] (assume
LSCF Lanthanum strontium cobalt ferrite | LageSro4CogsFeq 203 .
Perovskite-type)
Lanthanum strontium manganite — | 50% LaggSrq,MnQO
LSM-YSZ nantim STOn M Mane ¢ L20s310aMNOs/ 1 1401 as)
yttria-stabilized zirconia 50% (Y,03)0.08(Zr03)0.92
8YSZ 8% Yttria-stabilized zirconia (Y503)0.08(Zr0s)0.92 [46]
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Nickel and yttria-stabilized zirconia .
. ) ) 59.34% Ni / 40.66%
Ni-YSZ ceramic-metal (cermet) composite [44], [47]
(Y203)0.08 (ZrO5)0.92

material

2.6 Calculate demand for critical materials from renewable electricity
generation

2.6.1 Technologies and materials included

Table S13 shows the sub-technologies of onshore wind and solar photovoltaic (PV) technologies
and critical materials included in the analysis.

For onshore wind technology, we include six sub-technologies, which can be categorized into
two main types: gearbox (GB) and direct drive (DD) [48]. Gearbox configurations can be further
divided into designs with double-fed induction generators (DFIG), permanent magnet
synchronous generators (PMSG), and squirrel cage induction generators (SCIG) [49]. Gearbox
turbines, especially GB-DFIG, are the most widely used onshore wind technology [48], but their
heavy weight and high maintenance demand make them less competitive in large-scale
deployments [49]. Direct drive configurations can be used with PMSG, electrically excited
synchronous generators (EESG), and high-temperature superconductors (HTS). The main
strengths of DD-PMSG are the higher efficiency and lower maintenance demand [48], [49]. We
include eight materials that are critical to onshore wind technology: aluminum (Al), dysprosium
(Dy), manganese (Mn), molybdenum (Mo), neodymium (Nd), nickel (Ni), praseodymium (Pr),
and terbium (Tb). Most materials are either included or recommended to be included in the
USGS critical material list [33], with the exception of Mo, which is selected as it was included in
the critical material assessment by IEA [31].

For solar PV technology, we include four sub-technologies: wafer-based crystalline silicon (c-Si),
cadmium telluride (CdTe), copper indium gallium selenide (CIGS), and amorphous silicon (a-Si)
[49]. C-Si is currently the dominant sub-technology for solar PV, while the other three sub-
technologies (also known as thin-film technologies) are reported to have higher efficiency in
absorbing light [49]. We include nine materials that are critical to solar PV technology:
aluminum (Al), cadmium (Cd), gallium (Ga), indium (In), selenium (Se), silicon (Si), silver (Ag),
tellurium (Te). While many of these materials are on the critical material list [33], Cd, Si, Se, and
Ag are not. Cd is considered as it was included in the critical material assessment by IEA [31]. Si
was also included in [31] and was rated to be near critical in the medium term by U.S. DOE [48].
Se and Ag were included in the critical material assessment by Carrara et al. [49].

Table S13 Materials and technologies selected for the dynamic material flow analysis for wind power
and solar photovoltaic (PV)

Material | Onshore wind? | Solar PV 2
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DD- DD- DD- GB- GB- GB-
EESG HTS | PMSG | DFIG | PMSG | SCIG

c-Si | CdTe | CIGS a-Si

Aluminum (Al) v v v v v v v v v v
Cadmium (Cd) v

Dysprosium (Dy) v 4 v 4 v v

Gallium (Ga) v
Germanium (Ge) v
Indium (In) v

Manganese (Mn)

Molybdenum (Mo)

Neodymium (Nd)

A ANENEN
A ANENEN
A ANENEN

Nickel (Ni)

NEENENENEN
NS ENENENEN
NIENENENEN

Praseodymium
(Pr)

Selenium (Se) 4

Silicon (Si) v v

Silver (Ag) v

Tellurium (Te) 4

Terbium (Tb) 4 v v v

1 Onshore wind sub-technologies can be categorized into two main types: gearbox (GB) and direct drive
(DD). Gearbox configurations can be further divided into designs with double-fed induction generators
(DFIG), permanent magnet synchronous generators (PMSG), and squirrel cage induction generators
(SCIG).

2 Solar photovoltaic (PV) sub-technologies: wafer-based crystalline silicon (c-Si), cadmium telluride
(CdTe), copper indium gallium selenide (CIGS), and amorphous silicon (a-Si).

2.6.2 Method framework
Figure S2 illustrates the framework to estimate the demand for critical materials from onshore

wind power and solar PV generation. The method is adapted from Elshkaki & Graedel [50].
After obtaining the annual demand for e-gasoline in the U.S. LDV fleet to meet climate targets
for each e-gasoline production and BEV deployment scenario, we estimate the associated
demand for electricity based on energy requirements under the production pathway and CO,
source assumptions. We assume that e-gasoline production facilities would operate
continuously with a constant supply of wind and solar electricity, facilitated by the presence of
sufficient energy storage. We did not examine critical materials that may be used in energy
storage as this was outside of the scope of this study but will be the focus of future work.
Annual electricity demand for e-gasoline production is used to estimate annual demand for
wind and solar PV power generation with assumed source share, and then to estimate the

III

“ideal” annual installed capacity of wind turbines and solar PV panels by artificially assuming a
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capacity factor of 1, which will be adjusted at a later step. The ideal installed capacity is used to
estimate the annual newly installed ideal capacity with the lifetime. We then introduce
projected real-world capacity factors to adjust (i.e., increase) the required newly installed ideal
capacity and later to estimate the demand for newly installed capacity for each sub-technology.
The separation of ideal from adjusted (actual) installed capacity adds an extra layer to the
procedure, but also creates more flexibility to adjust for future changes in capacity factor. The
annual and cumulative demands for critical materials are further estimated and compared
using similar methods as water electrolyzers. The following sections explain the formulas and
data used in the main steps.

Annual demand for e-gasoline in the U.S.
LDV fleet

Energy requirement

Annual demand for wind and solar Py | Source share Annual demand for electricity for e-
power generation gasoline production

Capacity factor = 1

Y

Ideal annual installed capacity of wind Lifetime Ideal annual newly installed capacity of
turbines and solar PV panels wind turbines and solar PV panels

Capacity factor

Annual newly installed capacity and retired | Marketshare | - Annyal newly installed capacity of wind
capacity for each sub technology Lifetime turbines and solar panels

Material intensity,

. . Material recovery rate
waste intensity

Annual demand for critical materials U.S. consumption & world production

Y

Cumulative demand for critical materials » World reserve

Figure S2 Method flowchart of the dynamic material flow analysis (MFA) to estimate critical material
demand from wind and solar PV power generation to produce e-gasoline for the U.S. light-duty
vehicle (LDV) fleet

2.6.3 Estimate ideal annual installed capacity
After obtaining the demand for renewable electricity to produce e-gasoline from the FLAME

model, we estimate the ideal installed capacity of onshore wind or solar PV by assuming a
capacity factor of 1 using formula (6).
demand_tot_ele, X source_share,,

capacity_ins_ideale,t = 365 X 24 ©

t =2020,..., 2050;e = solar PV, wind
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capacity_ins_ideal,, Required ideal installed capacity of energy source € in year t, kW
demand_tot_ele, Total demand for electricity in year ¢, kWh

source_share,, Percentage of electricity that is from energy source € in year t

The source share between onshore wind power and solar PV under various fleet-level scenarios
is shown in Table S14. We select FT-gasoline produced from CO, captured by DAC heated by
solar thermal energy and the reasoning has been elaborated in the section on water
electrolyzers. Scenarios 1 to 8 use one type of renewable electricity exclusively to provide
upper bounds of estimate on critical material demands. Scenario 9 uses both onshore wind
power and solar PV electricity based on the projected source share in the AEO 2022 reference
case [10]. The dynamic source share in Scenario 9 is only applied for MFA but not for fuel-level
GHG emission and e-gasoline demand estimation where constant source share is assumed (44%
wind and 56% solar PV).

Table S14 Source share of renewable electricity under various fleet-level scenarios *

Source share of
. Production Electricity renewable electricity
NO | Scenario
pathway source Onshore
. Solar PV
wind
1 All AEL with wind FT + ELE Wind 1 0
2 | All AEL with PV FT + ELE Solar PV 0 1
3 | All SOEC with wind FT + COE Wind 1 0
4 | All SOEC with PV FT + COE Solar PV 0 1
5 | All PEM with wind FT + COE Wind 1 0
6 | All PEM with PV FT + COE Solar PV 0 1
7 | AEL/PEM/SOEC with wind FT + ELE / COE Wind 1 0
8 | AEL/PEM/SOEC with PV FT + ELE / COE Solar PV 0 1
0.797 0.203
. . . (2020) - (2020) -
9 | AEL/PEM/SOEC with wind/solar | FT + ELE / COE Wind / solar PV
0.443 0.557
(2050) (2050)

1 All fleet-level FT-gasoline scenarios use CO, from direct air capture heated with solar thermal energy
and assume the same electricity source for all production steps (i.e., electrolysis / co-electrolysis, carbon
capture, syngas production, and Fischer-Tropsch process).

Abbreviations: AEL: alkaline electrolysis; PEM: proton exchange membrane electrolysis; SOEC: solid
oxide electrolyzer cell; PV: photovoltaic; FT: Fischer-Tropsch; ELE: electrolysis; COE: co-electrolysis.

2.6.4 Estimate annual newly installed ideal capacity
We estimate the ideal annual newly installed capacity of renewable energy generation

following the same approach as water electrolyzers. The lifetime of renewable electricity
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generation capacity is assumed to follow Weibull distributions [51], [52] truncated by the
minimum lifetime of 1 year and the maximum lifetime in the literature. The values of the
parameters are shown in Table S15.

Table S15 Lifetime parameters of onshore wind power and solar photovoltaic (PV) used in the study

Parameter name Energy source | Value Unit Source
Scale parameter of Onshore wind | 19 year [52]
lifetime Solar PV 30 year [51]
Shape parameter of Onshore wind | 4 year [52]
lifetime Solar PV 10 year [51]
. . Onshore wind | 35 year [49]
Maximum lifetime
Solar PV 30 year [49]

2.6.5 Adjust to annual newly installed and retired capacity
The ideal annual newly installed capacity is adjusted using the projected real-world capacity

factors as shown in formula (7). The annual retired capacity is calculated using the same
approach as water electrolyzers.

capacity new_ideal, ,

CF

capacity_new_adj, , ;= X mar_share,, (7)

et
t =2020,..., 2050;e = solar PV, wind
s={DD - EESG,DD - PMSG, GB - PMSG,GB — DFIG,GB - SCIG,DD - HTS,c - Si,CdTe,CIGS,a — Si}
capacity_new_adj,,;  Adjusted newly installed capacity of sub-technology S of energy source € in
year t, kW
capacity_new_ideal,, Adjusted newly installed capacity of energy source € in year t, kW
CF

mar_sharee‘t’s Market share of sub-technology S of energy source € in year t

et Capacity factor of energy source € in year t

Table S16 shows the capacity factors for onshore wind turbines and solar PV panels in the U.S,,
which are obtained from the moderate case from the National Renewable Energy Laboratory
(NREL) Annual Technology Baseline 2022 [53].

Table S16 Capacity factors for onshore wind and solar photovoltaic used in this study (Source: [53])

Year Offshore wind Solar photovoltaic
2020 43.7% 24.4%
2021 44.0% 24.6%
2022 44.4% 24.9%
2023 44.7% 25.1%
2024 45.0% 25.4%
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2025 45.4% 25.7%
2026 45.7% 25.9%
2027 46.1% 26.2%
2028 46.4% 26.5%
2029 46.7% 26.7%
2030 47.1% 27.0%
2031 47.1% 27.1%
2032 47.2% 27.2%
2033 47.2% 27.3%
2034 47.3% 27.4%
2035 47.4% 27.5%
2036 47.4% 27.6%
2037 47.5% 27.7%
2038 47.5% 27.8%
2039 47.6% 27.8%
2040 47.6% 27.9%
2041 47.7% 28.0%
2042 47.8% 28.1%
2043 47.8% 28.2%
2044 47.9% 28.3%
2045 47.9% 28.4%
2046 48.0% 28.5%
2047 48.1% 28.6%
2048 48.1% 28.7%
2049 48.2% 28.8%
2050 48.2% 28.9%

Table S17 shows the market share of onshore wind and solar PV technology in 2020 and 2050,
which is obtained from the moderate scenario in Carrara et al. [49] for the global market. The
values between 2020 and 2050 are linearly interpolated.

Table S17 Market share of onshore wind and solar photovoltaic sub-technologies in 2020 and 2050
used in this study (Source: [49])

Onshore wind Solar photovoltaic

Year DD- DD- DD- GB- GB- GB-
EESG HTS PMSG | DFIG PMSG SCIG

c-Si CdTe CIGS a-Si

2020 10% 0% 15% 50% 15% 10% 95.4% | 2.4% 1.9% 0.3%

2050 0% 0% 25% 40% 25% 10% 90.0% | 4.5% 4.5% 1.0%

Abbreviations: DD-EESG: direct-drive with electrically excited synchronous generators; DD-HTS: direct-
drive with high-temperature superconductors; DD-PMSG: direct-drive with permanent magnet
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synchronous generators; GB-DFIG: gearbox with double-fed induction generators; GB-SCIG: gearbox
with squirrel cage induction generators; GB-PMSG: gearbox with permanent magnet synchronous
generators; c-Si: wafer-based crystalline silicon; CdTe: cadmium telluride; CIGS: copper indium gallium
selenide; a-Si: amorphous silicon.

2.6.6 Estimate annual material demand

The annual demand for critical materials is estimated using the same approach as water
electrolyzers. Table $S18 shows the values of material intensity collected from Carrara et al. [49].
For waste intensity, we obtain the fabrication resource efficiencies from Wang et al. [54] (90%
for wind turbines and 99% for solar cells), which are transformed into the waste intensity of 11%
for wind turbines and 1% for solar panels.

Table S18 Material intensity of onshore wind power and solar PV used in the study (Source: [49])

Material Energy source Sub-technology Value Unit
DD-EESG 700 t/GW
DD-HTS 700 t/GW
) DD-PMSG 500 t/GW
Onshore wind
GB-DFIG 1400 t/GW
. GB-PMSG 1600 t/GW
Aluminum (Al)
GB-SCIG 1400 t/GW
c-Si 7200 t/GW
CdTe 7200 t/GW
Solar PV
CIGS 7200 t/GW
a-Si 7200 t/GW
Cadmium (Cd) Solar PV CdTe 27 t/GW
DD-EESG 6 t/GW
DD-HTS 2 t/GW
_ _ DD-PMSG 17 t/GW
Dysprosium (Dy) Onshore wind
GB-DFIG 2 t/GW
GB-PMSG 6 t/GW
GB-SCIG 2 t/GW
Gallium (Ga) Solar PV CIGS 2.5 t/GW
Germanium (Ge) Solar PV a-Si 27 t/GW
Indium (In) Solar PV CIGS 10 t/GW
DD-EESG 790 t/GW
DD-HTS 790 t/GW
_ DD-PMSG 790 t/GW
Manganese (Mn) Onshore wind
GB-DFIG 780 t/GW
GB-PMSG 800 t/GW
GB-SCIG 780 t/GW
Molybdenum Onshore wind DD-EESG 109 t/GW
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(Mo) DD-HTS 109 t/GW
DD-PMSG 109 t/GW
GB-DFIG 99 t/GW
GB-PMSG 119 t/GW
GB-SCIG 99 t/GW
DD-EESG 28 t/GW
DD-HTS 12 t/GW
. ) DD-PMSG 180 t/GW
Neodymium (Nd) | Onshore wind
GB-DFIG 12 t/GW
GB-PMSG 51 t/GW
GB-SCIG 12 t/GW
DD-EESG 340 t/GW
DD-HTS 340 t/GW
_ _ _ DD-PMSG 240 t/GW
Nickel (Ni) Onshore wind
GB-DFIG 430 t/GW
GB-PMSG 440 t/GW
GB-SCIG 430 t/GW
. DD-EESG 9 t/GW
Praseodymium )
1) Onshore wind DD-PMSG 35 t/GW
r
GB-PMSG 4 t/GW
Selenium (Se) Solar PV CIGS 20 t/GW
. . c-Si 2750 t/GW
Silicon (Si) Solar PV -
a-Si 100 t/GW
Silver (Ag) Solar PV c-Si 6 t/GW
Tellurium (Te) Solar PV CdTe 27 t/GW
DD-EESG 1 t/GW
_ _ DD-HTS 1 t/GW
Terbium (Tb) Onshore wind
DD-PMSG 7 t/GW
GB-PMSG 1 t/GW

Abbreviations: DD-EESG: direct-drive with electrically excited synchronous generators; DD-HTS: direct-
drive with high-temperature superconductors; DD-PMSG: direct-drive with permanent magnet
synchronous generators; GB-DFIG: gearbox with double-fed induction generators; GB-SCIG: gearbox
with squirrel cage induction generators; GB-PMSG: gearbox with permanent magnet synchronous
generators; c-Si: wafer-based crystalline silicon; CdTe: cadmium telluride; CIGS: copper indium gallium
selenide; a-Si: amorphous silicon.

2.7 Compare demand for critical materials with current consumption and

reserve
Annual demands for critical materials are compared with current U.S. consumption (apparent)
and world production, while the cumulative demands are compared with the current world
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reserve. Most data are obtained from the USGS Mineral Commodity Summaries 2022 [55].

Detailed data and sources for comparison are shown in Table $19. Extra calculations are

required to obtain world reserve data for Al and some rare-earth elements (REEs) including Gd,
La, Pr, Sm, and Th. For Al, we obtain the world reserve data of bauxite from USGS [55] (32000
Mt) and the data of hydrated aluminum oxide content in bauxite ore from Natural Resources

Canada [56] (50%) to estimate Al world reserve, assuming bauxite ore is the only source for Al.

For REEs, we obtain the regional reserve data of rare-earth oxides (REO) from USGS [55] and

REO content data for major mines from Mineral Yearbook 2019 [57] to estimate the world

reserve of Gd, La, Pr, Sm, and Tb.

Table S19 U.S. apparent consumption, world production, and world reserve data for critical materials

Material Metric Year Value (Mt) | Source
U.S. consumption 2021 | 0.008 USGS [55]
Silver (Ag) World production 2021 | 0.024 USGS [55]
World reserve 2021 | 0.53 USGS [55]
U.S. consumption 2021 |43 USGS [55]
Aluminum (Al) World production 2021 | 68 USGS [55]
World reserve 2021 7200 Estimated from USGS [55]
U.S. consumption NA NA NA
Cadmium (Cd) World production 2021 | 0.024 USGS [55]
World reserve NA 0.5 Dominish et al. [58]
U.S. consumption 2021 | 0.0067 USGS [55]
Cobalt (Co) World production 2021 | 0.17 USGS [55]
World reserve 2021 | 7.6 USGS [55]
U.S. consumption NA NA NA
Dysprosium (Dy) World production NA 0.0018 Dominish et al. [58]
World reserve NA 1.1 Dominish et al. [58]
U.S. consumption 2021 |[16x10° USGS [55]
Gallium (Ga) World production 2021 |(43x10+* USGS [55]
World reserve NA 0.11 Dominish et al. [58]
U.S. consumption NA NA NA
. World production NA 0.0075 Emsley [59]
Gadolinium (Gd) -
Estimated from USGS [55] and
World reserve 2021 1.72 ]
Mineral Yearbook 2019 [57]
U.S. consumption 2021 1.7x10+* USGS [55]
Indium (In) World production 2021 |9.2x10+* USGS [55]
World reserve NA 0.02 Dominish et al. [58]
USGS [55]: imports for
Iridium (Ir) U.S. consumption 2021 |2.5x10° consumption; 100% reliant on

import [29]; assume 1t of
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platinum-group metals is equal
toltoflr

World production 2019 | 8.2x10°® Mineral Yearbook 2019 [60]
World reserve NA 0.0015 Hughes et al. [61]
Mineral Yearbook 2019: import
data for lanthanum oxide and
U.S. consumption 2019 | 0.0010 lanthanum carbonates mixture;
no available export data; 100%
Lanthanum (La) . .
reliant on import [29]
World production NA 0.026 Emsley [59]
Estimated from USGS [55] and
World reserve 2021 | 25 .
Mineral Yearbook 2019 [57]
Lithium (Li) World reserve 2021 | 22 USGS [55]
U.S. consumption 2021 | 0.64 USGS [55]
Manganese (Mn) World production 2021 |20 USGS [55]
World reserve 2021 1500 USGS [55]
U.S. consumption 2021 | 0.013 USGS [55]
Molybdenum (Mo) World production 2021 | 0.3 USGS [55]
World reserve 2021 16 USGS [55]
U.S. consumption NA NA NA
Neodymium (Nd) World production NA 0.016 Dominish et al. [58]
World reserve NA 12.8 Dominish et al. [58]
U.S. consumption 2021 | 0.21 USGS [55]
Nickel (Ni) World production 2021 | 2.7 USGS [55]
World reserve 2021 | 95 USGS [55]
U.S. consumption NA NA NA
. World production NA NA NA
Praseodymium (Pr) -
World reserve 2001 | 48 Esjumated from USGS [55] and
Mineral Yearbook 2019 [57]
U.S. consumption 2021 | 3.7X10° USGS [55]
Platinum (Pt) World production 2021 |[1.8x10* USGS [55]
World reserve NA 0.03 Hughes et al. [61]
U.S. consumption 2021 |4.4x10+ USGS [55]
Selenium (Se) World production 2021 | 0.003 USGS [55]
World reserve 2021 |01 USGS [55]
U.S. consumption 2021 0.46 USGS [55]
Silicon (Si) World production 2021 | 8.5 USGS [55]
World reserve NA NA NA
. U.S. consumption NA NA NA
Samarium (Sm) -
World production NA 0.0011 Emsley [59]
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Estimated from USGS [55] and
World reserve 2021 1.9 .
Mineral Yearbook 2019 [57]
U.S. consumption 2021 | 0.0048 USGS [55]
Strontium (Sr) World production 2021 | 0.36 USGS [55]
World reserve NA NA NA
U.S. consumption NA NA NA
Terbium (Th) World production NA NA NA.
World reserve 5021 | 0.25 Es‘tlmated from USGS [55] and
Mineral Yearbook 2019 [57]
U.S. consumption NA NA NA
Tellurium (Te) World production 2021 |5.8x10+ USGS [55]
World reserve 2021 | 0.031 USGS [55]
U.S. consumption NA NA NA
Titanium (Ti) World production 2021 |0.21 USGS [55]
World reserve 2021 | 449 USGS [55]
U.S. consumption 2021 |55x10+ USGS [55]
Yttrium (Y) World production 2021 | 0.009 USGS [55]
World reserve 2021 | 0.36 USGS [55]
U.S. consumption 2021 | 0.022 USGS [55]
Zirconium (Zr) World production 2021 | 0.89 USGS [55]
World reserve 2021 | 52 USGS [55]

Abbreviations: NA: no available data.

2.8 Collect production cost and carbon abatement costs of FT-fuels and MTG-
gasoline from literature

2.8.1 Literature and boundaries
We collect cost-related results from seven studies (Table $20), which estimated and forecasted

production costs of FT-fuels (FT-gasoline or FT-diesel) or MTG-gasoline from 2015 to 2050 in
various regions. The production cost estimates had different boundaries across studies, but
they all included major stages (i.e., electricity generation, H, production, CO, capture, chemical
synthesis, hydrocracking). The stages that are not considered by all studies are H, storage &
transportation, CO, liquefication & storage & transportation, upgrading, byproduct selling, fuel
transportation & distribution, and refueling. Five studies in the selected literature estimated
GHG emissions (used in assessing abatement costs internally consistent with each source). The
boundaries included all major stages but differed in whether construction and demolition of
infrastructure and credits for byproduct production were included. The variations in boundaries
are expected to impact the comparability of results across studies.

Table S20 Information of literature sources for cost

Source Region Timefra E-fuel Cost estimate GHG emission

29



me type boundary boundary
Soler et Central 2020- FT-diesel, | Included: Electricity Cradle-to-grave
al. [9] Europe 2050 MTG- generation; H, (includes plant
gasoline | production & storage; maintenance and parts
CO; capture & replacement; emissions
liquefication & storage; | from plant
chemical synthesis; infrastructure)
hydrocracking;
upgrading, fuel
transportation;
refueling
Hombac | Germany | 2015- FT-diesel | Included: Electricity Well-to-wheel
h et al. 2030 generation; H, (excluded construction
[11] production & storage; of production and
CO, capture; chemical distribution
synthesis; infrastructure)
hydrocracking;
upgrading; fuel
transportation;
refueling
Ordodfiez | United 2018 FT- Included: Electricity Cradle-to-gate
et al. [39] | Kingdom gasoline | generation; H, (included credits from
production & storage; carbon capture)
CO, capture; chemical
synthesis;
hydrocracking;
upgrading; byproduct
selling
Unsure : H,
transportation; CO,
liquefication & storage;
CO, transportation
Kannang | Canada 2019 FT-diesel | Included: Electricity Cradle-to-grave
ara et al. generation; H, (included plant
[62] production; CO, construction, end-of-life
capture; chemical carbon footprint, credit
synthesis; for carbon capture,
hydrocracking; credit for gasoline and
upgrading kerosene production)
Ueckerdt | Europe 2020- E- Included: Electricity Cradle-to-grave
et al. [63] 2050 gasoline | generation; H, Unsure: emissions
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production & storage &
transportation; CO,
capture; chemical
synthesis; byproduct
selling; fuel
transportation;
refueling

Unsure : CO,
liquefication & storage;
CO, transportation;
hydrocracking;
upgrading

related to infrastructure

6 | Brynolf
et al. [64]

NA

2015-
2030

FT-
liquids,
MTG-
gasoline

Included: Electricity
generation; H,
production; CO,
capture; chemical
synthesis;
hydrocracking;
byproduct selling
Unsure : H,
transportation; CO,
liquefication & storage

NA

7 | Zang et
al. [65]

u.s.

Assume
2020

FT-diesel

Included: Electricity
generation; H,
production; CO,
capture; chemical
synthesis;
hydrocracking;
upgrading

Unsure !: H, storage; H,
transportation; CO,
liquefication & storage;
CO, transportation

NA

1 Unsure: unsure from the source text whether certain stages were included or not.

Abbreviations: FT: Fischer-Tropsch; MTG: methanol-to-gasoline; NA: not applicable or data unavailable.

2.8.2 Adjust to USD2022

Since different studies used different currencies and nominal values in different monetary years,

we adjust all monetary values into U.S. dollars in 2022 (USD2022) using purchasing power

parity (PPP) and consumer price index (CPIl). PPPs are the rates that reflect the differences in
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the purchasing power of different currencies and thus can be used to remove price differences
between countries in certain years [66]. CPIs are indexes that reflect the differences in the price
of goods and services that households consume over time and thus can be used to remove the
price differences within a country over time [67]. Therefore, we first adjust all monetary values
to U.S. dollars for each monetary year with PPPs and then transform the results into U.S. dollars
in the year 2022 with CPIs, shown in formula (8). Data on both PPP and CPI are collected from
the Organisation for Economic Co-operation and Development (OECD) for the Euro area (19
countries) and the U.S. (Table S21) [68], [69]. All studies except Ueckerdt et al. [63] specified
the monetary year, so we assume its monetary year to be 2020, one year before its publication.

real_valygp 500, = nomi_val ., X ! X “Plusp, ez (&)
' ' PPPcur,t CPIUSD,t
t=2015-2022
real_valysp 5022 Real value in U.S. dollars in year 2022
nomi_val,,, . Nominal value in currency U7 in year t
PPP PPP of currency CUT in year t in the unit of U.S. dollars
CPlysp 2022 CPI of U.S. dollars in year 2022
CPlysp s CPl of U.S. dollars in year ¢

Table S21 Purchasing power parity (PPP) and consumer price index (CPI) used to adjust monetary
values

Year PPP of Euro (Source: [68]) CPI of USD (Source: [69])
2015 0.755 100
2016 0.730 101
2017 0.721 103
2018 0.713 106
2019 0.695 108
2020 0.692 109
2021 0.699 114
2022 0.684 123

2.8.3 Production cost

We collect production costs of e-fuels from the above studies and use the reported energy
density to transform the unit between cost per MJ of fuel and cost per L of fuel. For studies that
did not specify the energy density of e-fuels (Kannangara et al. [62], Ueckerdt et al. [63], and
Brynolf et al. [64]), the energy density of 30.9 MJ/L from GREET 2022 [8] is used for
transformation.
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The production costs of conventional gasoline and diesel are approximated by the summation
of crude oil price and refinery cost using the historical pump component data. The calculation
follows formula (9), which removes taxes and costs for distribution & market price from the
retail price. Data on the monthly retail price and component percentage for conventional
gasoline and diesel during 2018-2022 is obtained from the U.S. EIA [70], [71].

prod_costf,mlt = retail_price Fant X (perc_crude Fme T pETCTE fine f,m,t) (9)
f = gasoline,diesel;m = Jan,...,, Dec;t = 2015 - 2022
PTOd_COStf,m,t Production cost of conventional fuel f in month ™ in year t

retail_pricefrm’t Retail price of conventional fuel f in month M in yeart

perc_crudef'm’t Percentage of crude oil price in the retail price of conventional fuel f in month ™
in year t

perc_refinef’m’t Percentage of refinery cost in the retail price of conventional fuel f in month M in
yeart

2.8.4 Carbon abatement costs

We collect carbon abatement costs from the above studies. For studies that estimated GHG
emissions but did not give abatement costs (2030 MTG-gasoline in Soler et al. [9], 2030 FT-
diesel using Germany grid electricity in Hombach et al. [11], and Kannangara et al. [62]), the
GHG emissions of conventional fossil fuels (gasoline: 91 g CO,-eq/MJ; diesel: 92 g CO,-eq/MJ)
from GREET 2022 [8] and their production costs estimated above are used to estimate the
carbon abatement cost, shown as formula (10).

prod_cost,f,, — prod_costg (10)

abate_cost =
efuel ghgf _ gh’gefuel

f = gasoline,diesel

abate_costefuel Carbon abatement cost of e-fuels

prod_cost,f, Production cost of e-fuels (USD2022/MJ)
prod_cost, Production cost of conventional fuel f (USD2022/MJ)
ghgf GHG emissions of e-fuels (t CO,-eq/MJ)

ghgefuel GHG emissions of conventional fuel f (t CO,-eq/MJ)

To illustrate the relationship between carbon abatement costs of e-fuels and the emission
factors of electricity used in e-fuel production, we further collect the latter from the above
studies. For the three studies that did not specify the electricity emission factors, we estimate
them as follows. Several scenarios in Hombach et al. [11] used wind electricity for water
electrolysis and the Germany grid mix electricity for DAC and syngas compression. The
weighted average of the electricity emission factor based on the amount of electricity used in
each step is adopted. Orddiiez et al. [39] did not specify the emission factor of offshore wind

33



electricity but provided the amount of offshore wind electricity used for e-fuel production and
the GHG emissions when the environmental impacts of wind electricity are included and
excluded from the calculation. Therefore, the emission factor of wind electricity is back-
calculated to be around 15 g CO,-eq/kWh. Ueckerdt et al. [63] did not specify the emission
factor of renewable electricity during 2020-2025, and the emission factor of renewable
electricity (26 g CO,-eq/kWh) in 2030 is assumed.

2.8.5 Social cost of carbon
Social costs of CO, emitted from 2020 to 2050 are collected from the draft report from the U.S.
Environmental Protection Agency (EPA) [72]. The values are then adjusted to USD2022 using

CPI. The resulting social costs of carbon are shown in Table S22.

Table S22 Social costs of carbon emitted from 2020 to 2050 (Source: [72])

- . Social costs of carbon
Emission year Discount rate !
(USD2022/t)
2020 2.50% 136
2020 2.00% 215
2020 1.50% 384
2030 2.50% 158
2030 2.00% 260
2030 1.50% 430
2040 2.50% 192
2040 2.00% 305
2040 1.50% 486
2050 2.50% 226
2050 2.00% 350
2050 1.50% 543

1[72] used dynamic discount rates where near-term Ramsey discount rates are 1.5%, 2.0%, and 2.5%.
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3. Additional Results

3.1 Comparing fuel-level GHG emissions with other studies
Table $S23 compares the fuel-level GHG emissions of e-gasoline in this study with other studies using similar pathways, technologies, and energy

sources.

Table $23 Comparison of fuel-level GHG emissions with other studies with similar e-fuel production scenarios

# | Scenario !

Fuel-level GHG emissions
(g CO,-eq/MJ) 23

This study

Other studies

Comparison 3

1 | FT-ELE-DAC + GRID + NG

AEL: 385

AEL:441 [11]
PEM: 608 [8]

e Hombach et al. [11]: This fuel-level emission result corresponds to the scenario where
e-gasoline was produced from DAC CO, (heat from natural gas) and the 2015 Germany
grid, which had an emission factor of 648 g CO,-eq/kWh. This emission factor is higher
than the 2022 U.S. grid (438 g CO,-eq/kWh), which might contribute to the higher
number than this study.

e GREET 2022 [8]: This fuel-level GHG emission result corresponds to the scenario
where e-gasoline was produced from U.S. grid mix electricity (467 g CO,-eq/kWh) and
CO, captured using the low-temperature absorption-based DAC approach under
current status powered by natural gas. The higher value than this study might be
explained by the higher H, and CO, demand from RWGS.

2 | FT-ELE-DAC + PV + NG

AEL: 124

PEM: 187 [8]

o GREET 2022 [8]: This fuel-level GHG emission result corresponds to the scenario
where e-gasoline was produced from solar PV electricity (39.2 g CO,-eq/kWh) and CO,
captured using the low-temperature absorption-based DAC approach under current
status powered by natural gas. The higher value than this study might be explained by
the higher H, and CO, demand from RWGS.

3 | FT-ELE-DAC + WIND + NG

AEL: 105

AEL: 48 [11]
PEM: 162 [8]

e Hombach et al. [11]: This fuel-level emission result corresponds to the scenario where
e-gasoline was produced from DAC CO, (heat from natural gas) and wind electricity
(0.174 g CO,-eq/kWh). The emission factor for wind electricity is lower than the
emission factor adopted in this study (10.4 g CO,-eq/kWh), which might contribute to
the lower number than this study.

o GREET 2022 [8]: This fuel-level GHG emission result corresponds to the scenario
where e-gasoline was produced from wind electricity (10.4 g CO,-eq/kWh) and CO,
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captured using the low-temperature absorption-based DAC approach under current
status powered by natural gas. The higher value than this study might be explained by
the higher H, and CO, demand from RWGS.

FT-ELE-DAC + PV + ST

AEL: 26
PEM: 25

AEL: 22.1[9];

AEL: 30 [12]

PEM: 15 [73];
PEM: 49 [8]
Unspecified: 24-32
(63]

e Soler et al. [9]: This fuel-level GHG emission result corresponds to the scenario where
the heat for DAC was from electric heaters or heat integration and e-gasoline was
produced from the Germany solar PV electricity, which had an emission factor of 31.1
g CO,-eq/kWh. This emission factor is slightly lower than the emission factor of solar
PV adopted in this study (39.2 g CO,-eq/kWh), which might contribute to the lower
number than this study.

e Giesen et al. [12]: This fuel-level GHG emission result corresponds to the scenario
where CO, was captured using the moisture swing process which does not need heat.
The electricity used for this scenario was solar PV with an unspecified emission factor.

e [saacs et al. [73]: This fuel-level emission result corresponds to the scenario where e-
gasoline was produced from solar PV electricity (26 g CO,-eq/kWh for the utility scale)
and CO, captured from DAC without heat input. The electricity emission factor is
lower than the emission factors of solar PV electricity adopted in this study (39.2 g
CO,-eq/kWh), which might contribute to the lower number than this study.

o GREET 2022 [8]: This fuel-level GHG emission result corresponds to the scenario
where e-gasoline was produced from solar PV (39.2 g CO,-eq/kWh) and CO, captured
using the low-temperature absorption-based DAC approach under current status
powered by waste heat. The higher value than this study might be explained by the
higher H, and CO, demand from RWGS.

e Ueckerdt et al. [63]: These fuel-level GHG emission results correspond to the scenarios
where AEL or PEM was the electrolysis technology, FT or MTG was the chemical
synthesis, the electricity used for e-gasoline production was renewable, and DAC was
powered by waste heat. The emission factors of renewable electricity were projected
to be 26 g CO,-eq/kWh in 2030 and 16 g CO,-eq/kWh in 2050. These emission factors
are lower than the emission factors of solar PV electricity adopted in this study (39.2 g
CO,-eq/kWh).

FT-ELE-DAC + WIND + ST

AEL: 7
PEM: 7

AEL: 1.28 [11];
AEL: 5.6 [9];
AEL: 12 [74]
PEM: 1.3 [75];

e Hombach et al. [11]: This fuel-level emission result corresponds to the scenario where
e-gasoline was produced from DAC CO, (heated by solar thermal energy) and wind
electricity (0.174 g CO,-eq/kWh). The emission factor for wind electricity is lower than
the emission factor adopted in this study (10.4 g CO,-eq/kWh), which might
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PEM: 2 [73];

PEM: 24 [8]
Unspecified: 24-32
[63]

contribute to the lower number than this study.

e Soler et al. [9]: This fuel-level GHG emission result corresponds to the scenario where
the heat for DAC was from electric heaters or heat integration and e-gasoline was
produced from the Norway wind electricity, which had an emission factor of 6.6 g
CO,-eq/kWh. This emission factor is lower than the emission factor of wind power
adopted in this study (10.4 g CO,-eq/kWh), which might contribute to the lower
number than this study.

e Liu et al. [74]: This fuel-level GHG emission result corresponds to the scenario where
CO, was captured using electric calciners and e-gasoline was produced using the grid
electricity in British Columbia, Canada, which had an emission factor of 13 g CO,-
eq/kWh. The higher emission factor of electricity (10.4 g CO,-eq/kWh for wind
electricity in this study) and the higher electricity demand for AEL electrolyzer (57
kWh/kg H, versus 50 kWh/kg H, in this study) might contribute to the higher number
than this study.

e Zang et al. [75]: This fuel-level GHG emission result corresponds to the scenario where
H, was produced from low-temperature electrolysis. Embodied emissions related to
renewable electricity production and carbon capture were excluded from the system
boundary, which might contribute to the lower number than this study.

e [saacs et al. [73]: This fuel-level emission result corresponds to the scenario where e-
gasoline was produced from onshore wind electricity (11 g CO,-eq/kWh for utility
scale) and CO, captured from DAC without heat input. The electricity emission factor
is similar to the emission factor of onshore wind electricity adopted in this study (10.4
g CO,-eq/kWh).

e GREET 2022 [8]: This fuel-level GHG emission result corresponds to the scenario
where e-gasoline was produced from wind electricity (10.4 g CO,-eq/kWh) and CO,
captured using the low-temperature absorption-based DAC approach under current
status powered by waste heat. The higher value than this study might be explained by
the higher H, and CO, demand from RWGS.

e Ueckerdt et al. [63]: These fuel-level GHG emission results correspond to the scenarios
where AEL or PEM was the electrolysis technology, FT or MTG was the chemical
synthesis, the electricity used for e-gasoline production was renewable, and DAC was
powered by waste heat. The emission factors of renewable electricity were projected
to be 26 g CO,-eq/kWh in 2030 and 16 g CO,-eq/kWh in 2050. These emission factors
are higher than the emission factors of wind power electricity adopted in this study
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(10.4 g CO,-eq/kWh), which might contribute to higher numbers than this study.

FT-ELE-IND + GRID + NA

AEL: 272

PEM: 437 [8]

o GREET 2022 [8]: This fuel-level GHG emission result corresponds to the scenario
where e-gasoline was produced from U.S. grid mix electricity (467 g CO,-eq/kWh) and
CO, captured from a natural gas combined cycle plant. The higher value than this
study might be explained by the higher H, and CO, demand from RWGS.

FT-ELE-IND + PV + NA

AEL: 24

AEL: 12 [9]
PEM: 41 [8]
Unspecified: 4 [76]

Soler et al. [9]: This fuel-level GHG emission result corresponds to the scenario where
CO, was captured from the flue gas from steam methane reforming (SMR) and e-
gasoline was produced from the Germany renewable electricity, which had an
emission factor of 17.7 g CO,-eq/kWh. This emission factor is lower than the emission
factor of solar PV electricity adopted in this study (39.2 g CO,-eq/kWh), which might
contribute to the lower number than this study.

o GREET 2022 [8]: This fuel-level GHG emission result corresponds to the scenario
where e-gasoline was produced from solar PV electricity (39.2 g CO,-eq/kWh) and CO,
captured from a natural gas combined cycle plant. The higher value than this study
might be explained by the higher H, and CO, demand from RWGS.

Kelly et al. [76]: This fuel-level GHG emission result corresponds to the scenario where
e-gasoline was produced from renewable electricity. The electrolysis technology was
not specified but it would not affect the results as electricity generation from wind
and solar PV was assumed to have no emission. CO, was captured from high-purity
CO, sources and thus no energy consumption was related to carbon capture. These
assumptions might contribute to the lower number than this study.

FT-ELE-IND + WIND + NA

AEL: 6

AEL: 12 [9]
PEM: 16 [8]
Unspecified: 4 [76]

Soler et al. [9]: This fuel-level GHG emission result corresponds to the scenario where
CO, was captured from the flue gas from steam methane reforming (SMR) and e-
gasoline was produced from the Germany renewable electricity, which had an
emission factor of 17.7 g CO,-eq/kWh. This emission factor is higher than the emission
factor of wind power adopted in this study (10.4 g CO,-eq/kWh), which might
contribute to the higher number than this study.

o GREET 2022 [8]: This fuel-level GHG emission result corresponds to the scenario
where e-gasoline was produced from wind electricity (10.4 g CO,-eq/kWh) and CO,
captured from a natural gas combined cycle plant. The higher value than this study
might be explained by the higher H, and CO, demand from RWGS.

Kelly et al. [76]: This fuel-level GHG emission result corresponds to the scenario where
e-gasoline was produced from renewable electricity. The electrolysis technology was
not specified but it would not affect the results as electricity generation from wind
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and solar PV was assumed to be no emission. CO, was captured from high-purity CO,
sources and thus no energy consumption was related to carbon capture. These
assumptions might contribute to the lower number than this study.

FT-COE-DAC + GRID + NG

SOEC:

348

SOEC: 107 [11]

e Hombach et al. [11]: This fuel-level emission result corresponds to the scenario where
e-gasoline was produced from the 2030 Germany grid, which was projected to have
an emission factor of 374.4 g CO,-eq/kWh. This emission factor is lower than the 2022
U.S. grid (438 g CO,-eq/kWh). They also assumed that DAC in 2030 will not require
heat. These assumptions might contribute to the lower number than this study.

10

FT-COE-DAC + PV+ NG

SOEC:

121

NA

NA

11

FT-COE-DAC + WIND + NG

SOEC:

104

NA

NA

12

FT-COE-DAC + PV + ST

SOEC:

23

SOEC: 16 [73]

e Isaacs et al. [73]: This fuel-level emission result corresponds to the scenario where e-
gasoline was produced from solar PV electricity (26 g CO,-eq/kWh for utility scale) and
CO, captured from DAC without heat input. The electricity emission factor is lower
than the emission factors of solar PV electricity adopted in this study (39.2 g CO,-
eq/kWh), which might contribute to the lower number than this study.

13

FT-COE-DAC + WIND + ST

SOEC:

SOEC: 6 [73]

e [saacs et al. [73]: This fuel-level emission result corresponds to the scenario where e-
gasoline was produced from onshore wind electricity (11 g CO,-eq/kWh for the utility
scale) and CO, captured from DAC without heat input. The electricity emission factor
is similar to the emission factors of onshore wind electricity adopted in this study
(10.4 g CO,-eq/kWh).

14

FT-COE-IND + GRID + NA

SOEC:

235

NA

NA

15

FT-COE-IND + PV + NA

SOEC:

21

Unspecified: 4 [76]

o Kelly et al. [76]: This fuel-level GHG emission result corresponds to the scenario where
e-gasoline was produced from renewable electricity. The electrolysis technology was
not specified but it would not affect the results as electricity generation from wind
and solar PV was assumed to be no emission. CO, was captured from high-purity CO,
sources and thus no energy consumption was related to carbon capture. These
assumptions might contribute to the lower number than this study.

16

FT-COE-IND + WIND + NA

SOEC:

SOEC: -45 [39]
Unspecified: 4 [76]

e Orddiiez et al. [39]: This fuel-level GHG emission result corresponds to the scenario
where CO, was captured from the flue gas from coal power plants. The number is
negative because the emissions from fuel combustion were not included. If the
emissions from fuel combustion in GREET 2022 (73 g CO,-eq/MJ) were adopted, the
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number would become 28 g CO,-eq/MJ. The electricity for this scenario is wind
electricity with an unspecified emission factor.

o Kelly et al. [76]: This fuel-level GHG emission result corresponds to the scenario where
e-gasoline was produced from renewable electricity. The electrolysis technology was
not specified but it would not affect the results as electricity generation from wind
and solar PV was assumed to be no emission. CO, was captured from high-purity CO,
sources and thus no energy consumption was related to carbon capture. These
assumptions might contribute to the lower number than this study.

17

MTG-ELE-DAC + GRID + NG

AEL: 338

NA

NA

18

MTG-ELE-DAC + PV + NG

AEL: 106

NA

NA

19

MTG-ELE-DAC + WIND + NG

AEL: 89

NA

NA

20

MTG-ELE-DAC + PV + ST

AEL: 23

Unspecified: 24-32
[63]

e Ueckerdt et al. [63]: These fuel-level GHG emission results correspond to the scenarios
where AEL or PEM was the electrolysis technology, FT or MTG was the chemical
synthesis, the electricity used for e-gasoline production was renewable, and DAC was
powered by waste heat. The emission factors of renewable electricity were projected
to be 26 g CO,-eq/kWh in 2030 and 16 g CO,-eq/kWh in 2050. These emission factors
are lower than the emission factors of solar PV electricity adopted in this study (39.2 g
CO,-eq/kWh).

21

MTG-ELE-DAC + WIND + ST

AEL: 6

AEL: 5.4 [9]
Unspecified: 24-32
(63]

e Soler et al. [9]: This fuel-level GHG emission result corresponds to the scenario where
the heat for DAC was from electric heaters or heat integration and e-gasoline was
produced from the Norway wind electricity, which had an emission factor of 6.6 g
CO,-eq/kWh. This emission factor is lower than the emission factor of wind power
adopted in this study (10.4 g CO,-eq/kWh), which might contribute to the lower
number than this study.

e Ueckerdt et al. [63]: These fuel-level GHG emission results correspond to the scenarios
where AEL or PEM was the electrolysis technology, FT or MTG was the chemical
synthesis, the electricity used for e-gasoline production was renewable, and DAC was
powered by waste heat. The emission factors of renewable electricity were projected
to be 26 g CO,-eq/kWh in 2030 and 16 g CO,-eq/kWh in 2050. These emission factors
are higher than the emission factors of wind power electricity adopted in this study
(10.4 g CO,-eq/kWh).
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22 | MTG-ELE-IND + GRID + NA | AEL: 242 NA NA

e Soler et al. [9]: This fuel-level GHG emission result corresponds to the scenario where
CO, was captured from the flue gas from steam methane reforming (SMR) and e-
gasoline was produced from the Germany renewable electricity, which had an

23 | MTG-ELE-IND + PV + NA AEL: 22 AEL: 11 [9] o A , o

emission factor of 17.7 g CO,-eq/kWh. This emission factor is lower than the emission

factor of solar PV power adopted in this study (39.2 g CO,-eq/kWh), which might

contribute to the lower number than this study.

e Soler et al. [9]: This fuel-level GHG emission result corresponds to the scenario where
CO, was captured from the flue gas from steam methane reforming (SMR) and e-
gasoline was produced from the Germany renewable electricity, which had an
emission factor of 17.7 g CO,-eq/kWh. This emission factor is higher than the emission
factor of wind power adopted in this study (10.4 g CO,-eq/kWh), which might
contribute to the higher number than this study.

24 | MTG-ELE-IND + WIND + NA | AEL: 6 AEL: 11 [9]

1 Scenarios are named using the following rule: “production pathway” - “CO, source” + “electricity source” + “heat source”. FT = FT gasoline; MTG = MTG-
gasoline; ELE = electrolysis-based production pathway; COE = co-electrolysis-based production pathway; DAC = direct air capture; IND = post-combustion
industrial flue gas; GRID = 2022 U.S. grid electricity; PV = solar PV; WIND = onshore wind power; NG = natural gas; ST = solar thermal energy; NA = not applicable.
2Electrolysis technologies: AEL, alkaline electrolysis; SOEC, solid oxide electrolyzer cell; PEM, proton exchange membrane. Unspecified = unspecified in the
source text which electrolysis technology was applied.

3 NA = no available data.
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3.2 Break-even emission factor of electricity used for e-gasoline production
Table S24 shows the break-even emission factor of electricity between e-gasoline and
conventional gasoline.

Table S24 Break-even emission factor of electricity between e-gasoline and conventional gasoline

Break-even emission factor of electricity between e-
. gasoline and conventional gasoline (g CO,-eq/kWh)
NO | Scenario?
Electrolysis or co-electrolysis Overall e-gasoline
only production

1 FT-ELE-DAC + ST 100 139
2 FT-ELE-IND + NA 125 147
3 | FT-COE-DAC + ST 121 159
4 FT-COE-IND + NA 151 169
5 | MTG-ELE-DAC + ST 116 156
6 MTG-ELE-IND + NA 141 164

1 Scenarios are named using the following rule: “production pathway” - “CO, source” + “electricity
source” + “heat source”. FT = FT gasoline; MTG = MTG-gasoline; ELE = electrolysis-based production
pathway; COE = co-electrolysis-based production pathway; DAC = direct air capture; IND = post-
combustion industrial flue gas; GRID = 2022 U.S. grid electricity; PV = solar PV; WIND = onshore wind
power; NG = natural gas; ST = solar thermal energy; NA = not applicable. Scenarios with natural gas as
the heat source are removed as the resulting e-gasoline would have higher GHG emissions than
conventional gasoline.

3.3 Sensitivity analysis of data sources on fuel-level results
Figure S3 illustrates the variations in fuel-level GHG emissions of e-gasoline when different data
sources on mass and energy balance are used.

The default data sources generate generally higher estimates than other sources due to the
higher energy consumption in carbon capture from GREET 2022 [8]. The data from Ordéfiez et
al. [39] generate higher fuel-level GHG emissions from e-gasoline produced from co-
electrolysis-based production pathways as they assumed lower power-to-fuel efficiency of
SOEC. The demands for H, and CO, in RWGS and FT process in GREET 2022 are substantially
higher than other data sources [8], resulting in more than 50% higher fuel-level GHG emissions
in FT-gasoline produced from non-renewable energy sources than this study (430-630 g CO,-
eq/MJ when using GREET 2022 data versus 270-390 g CO,-eq/MJ in this study). Due to the
higher heat demand by DAC in this study, the selection of data sources would impact the
conclusion regarding whether a low-carbon heat source for DAC is a necessary condition to
render e-gasoline less GHG intensive than conventional gasoline. Our adoption of heat demand
for the current low-temperature DAC technology in GREET 2022 [8] results in higher fuel-level
GHG emissions of e-gasoline than that of conventional gasoline as long as it is heated by natural
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gas. However, this is not the case when data sources with lower heat demand by DAC are
employed. Switching to data sources using less heat by DAC would decrease the fuel-level GHG
emissions from e-gasoline to levels that are lower than conventional gasoline even if natural
gas is the heat source for DAC, when renewable electricity is used. Therefore, using these data
sources would expand the choices of e-gasoline production scenarios that have mitigation
potential in the U.S. LDV fleet and reduce the demand for e-gasoline to bridge mitigation gaps.
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Figure S3 Comparison of fuel-level GHG emissions from e-gasoline using various data sources on mass
and energy balance. For energy sources on the y-axis, the first term is the electricity source for all stages
of e-gasoline production, and the second term is the heat source for direct air capture (DAC) as
industrial carbon capture (IND) does not require external heat. Emissions of e-gasoline include emissions
from carbon capture, water electrolysis or co-electrolysis, syngas production, methanol synthesis,
Fischer-Tropsch (FT) process, and methanol-to-gasoline (MTG) process. No direct emissions are assumed
for fuel combustion for e-gasoline. Triangles represent the default data sources used in the study and
circles represent alternate data sources. A detailed description of data sources is in Sl Section 2.1.
Abbreviations: ELE: electrolysis; COE: co-electrolysis; NG: natural gas; ST: solar thermal.

3.4 Contribution analysis of vehicle-level GHG emissions

Figure S4 shows the vehicle-level GHG emissions from BEVs, PHEVs, HEVs, and ICEVs-G using
conventional gasoline or e-gasoline for both cars and light trucks. The e-gasoline fuel
production pathway used here is the FT-gasoline produced from the electrolysis-based
production pathway where AEL is used for hydrogen production and DAC heated by solar
thermal heat is used for carbon capture. Vehicles of model year 2022 with 15 years of lifetime
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are used. The lifetime travel distances for a car and a light truck are assumed to be 278,660 km
and 295,094 km, respectively. We assume that the embodied emissions from producing a BEV
are higher than an ICEV-G (38 g CO,-eq/vkt for a BEV300 car, 19 g CO,-eq/vkt for an ICEV-G car).

Car \ Light truck
Charged by U.S. grid 16 155

Charged by solar PV 47 58

BEV300

Charged by wind {8841

Charged by U.S. grid + conv. Gasoline

Charged by solar PV + conv. gasoline

Charged by wind + conv. gasoline

Charged by U.S. grid + e-gasoline produced from U.S. grid
Charged by U.S. grid + e-gasoline produced from solar PV

PHEV40

Charged by U.S. grid + e-gasoline produced from wind

Charged by solar PV + e-gasoline produced from solar PV

Scenario

Charged by wind + e-gasoline produced from wind

Conv. gasoline

E-gasoline produced from U.S. grid

HEV

E-gasoline produced from solar PV

£ s

400 600 200 400
Life cycle GHG emissions (g CO2-eq/vkt)

E-gasoline produced from wind

Conv. gasoline

E-gasoline produced from U.S. grid

ICEV-G

E-gasoline produced from solar PV

E-gasoline produced from wind

Life stage M Vehicle disposal [l Fueluse M Fuelproduction Ml Vehicle production

Figure S4 Vehicle-level life cycle GHG emissions from BEV300, PHEV40, HEV, and ICEV-G for cars and
light trucks under scenarios (Unit: kg CO,-eq per vehicle km traveled). For battery electric vehicles
(BEVs) and plug-in hybrid electric vehicles (PHEVs), the charging electricity source can be the 2022 U.S.
grid electricity (438 g CO,-eq/kWh), solar PV electricity (39.2 g CO,-eq/kWh), or wind electricity (10.4 g
CO,-eq/kWh). For PHEVs, hybrid electric vehicles (HEVs), and internal combustion engine vehicles using
gasoline (ICEVs-G), drop-in fuel can be conventional gasoline or e-gasoline. The e-gasoline fuel
production pathway used here is the Fischer-Tropsch gasoline produced from the electrolysis-based
production pathway where alkaline electrolysis is used for hydrogen production, and direct air capture
heated by solar thermal heat is used for carbon capture. No emissions are assumed for fuel combustion
for e-gasoline as carbon is captured from the atmosphere.

3.5 Well-to-wheel efficiency comparison

Figure S5 shows the well-to-wheel efficiencies of BEVs, ICEVs-G using e-gasoline, HEVs using e-
gasoline, and FCEVs. The well-to-wheel efficiencies are substantially lower for ICEVs-G and HEVs
using e-gasoline, mainly due to the low tank-to-wheel efficiencies and the low efficiencies in
chemical reactions related to e-gasoline production.
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BEVs: accessory losses, electric drive system losses,
auxiliary electrical losses

E-gasoline production pathways

Electrolysis + FT + DAC CO2 26% ICEVs & HEVs: engine losses, auxiliary electrical losses,
Electrolysis + FT + Industrial CO2 43% parasitic losses, drivetrain losses

Co-electrolysis + FT + DAC CO2 29% FCEVs: fuel cell, electric motor, mechanical loss
Co-electrolysis + FT + Industrial CO2 50%

Electrolysis + MTG + DAC CO2 30%

Electrolysis + MTG + Industrial CO2 48%

Figure S5 Well-to-wheel efficiency of BEVs, ICEVs-G using e-gasoline, HEVs using e-gasoline, and FCEVs.
E-gasoline refers to Fischer-Tropsch (FT) gasoline and methanol-to-gasoline (MTG) gasoline. Electrolysis
is represented by alkaline electrolysis. The efficiency of water electrolysis is based on the lower heating
value (LHV) of hydrogen (119.96 MJ/kg). The efficiency of e-gasoline production is based on the LHV of
e-gasoline (30.9 MJ/L). The tank-to-wheel efficiencies for battery electric vehicles (BEVs) and hybrid
electric vehicles (HEVs) in the upper panel do not consider energy recovered from regenerative braking
while those in the lower panel consider.

Abbreviations: ICEVs-G: internal combustion engine vehicle using gasoline; FCEVs: fuel cell electric
vehicles; DAC: direct air capture; WTT: well-to-tank.
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3.6 Fleet composition

Figure S6 shows the vehicle sales and stock by technology during 2020-2050 under the
business-as-usual BEV deployment scenario (BAU BEV) and high BEV deployment scenario (high
BEV).
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Figure S6 LDV sales and stock by vehicle technology under the BAU BEV and high BEV scenarios during
2020-2050.

Abbreviations: BAU: business-as-usual; BEV: battery electric vehicle; CNG: compressed natural gas; FCV:
fuel cell vehicle; FFV: flexible fuel vehicle; HEV: hybrid electric vehicle; ICEV-D: internal combustion
engine vehicle using diesel; ICEV-G: internal combustion engine vehicle using gasoline; PHEV: plug-in
hybrid electric vehicle.

3.7 Demand for e-gasoline under other e-gasoline production scenarios
Figure S7 shows the annual demand for e-gasoline to meet 1.5 and 2 °C climate targets under
various BEV deployment and e-gasoline production scenarios.
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Figure S7 Annual demand for e-gasoline from 2020 to 2050 under various e-gasoline production
scenarios.

Abbreviations: BAU: business-as-usual; BEV: battery electric vehicle; RE: renewable electricity; FT:

Fischer-Tropsch; ELE: electrolysis; COE: co-electrolysis; DAC: direct air capture; WIND: wind electricity;
SLPV: solar PV electricity.

3.8 Demand for feedstock and renewable electricity

3.8.1 Demand for feedstock and renewable electricity under various e-gasoline
production scenarios
Table S25, Table S26, Table $S27, and Table $28 present the peak annual demand for captured

carbon, hydrogen, syngas, and renewable electricity for e-gasoline production under various e-
gasoline production scenarios.

Table S25 Peak annual demand for e-gasoline feedstock and energy carriers for U.S. LDV fleet to meet
climate targets with mature production pathway best-case for e-gasoline production?

Feedstock Climate Peak annual demand Current and
or energy Unit target BAU BEV with | High BEV with | High BEV with | projected
carrier u.S. grid U.S. grid RE production levels
1.5°C 1.1 1.1 0.48 U.S. (2023): 0.022
(77]
Captured Gt Global (2023):
CO; 2°C 1.1 0.4 0.047 0.05 [77]
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Global (2030):
0.44 [77]

1.5°C 150 140 64 U.S. (2020): 0.1
(78]

Electrolytic Mt Global (2020): 1.4
H, 2°C 140 53 6.2 [78]

Global (2030): 37

[79]

1.5°C 8500 7800 3600 U.S. (2022): 913
[80]

Renewable TWh U.S. (2050): 2060
electricity 2°C 8200 3000 350 (10]

Global (2021):

7900 [81]

1 Mature production pathway best-case: Fischer-Tropsch gasoline produced from electrolysis-based
pathway, direct air capture CO,, wind electricity, and solar thermal heat.

Table $26 Peak annual demand for e-gasoline feedstock and energy carriers for U.S. LDV fleet to meet
climate targets with mature production pathway mid-case for e-gasoline production?

Feedstock Climat Peak annual demand Current and

imate
or energy Unit targets BAU BEV with | High BEV with | High BEV with | projected
carrier g U.S. grid U.S. grid RE production levels

1.5°C 1.2 1.1 0.82 U.S. (2023): 0.022
[77]

Captured Gt Global (2023):

Co; 2°C 1.1 0.57 0.1 0.05 [77]
Global (2030):

0.44 [77]

1.5°C 150 150 110 U.S. (2020): 0.1
(78]

Electrolytic Mt Global (2020): 1.4
H, 2°C 150 75 13 [78]

Global (2030): 37

[79]

1.5°C 8700 8500 6100 U.S. (2022): 913
(80]

Renewable TWh U.S. (2050): 2060
electricity 2°C 8500 4200 760 [10]

Global (2021):

7900 [81]
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1 Mature production pathway mid-case: Fischer-Tropsch gasoline produced from electrolysis-based
pathway, direct air capture CO,, solar photovoltaic electricity, and solar thermal heat.

Table S27 Peak annual demand for e-gasoline feedstock and energy carriers for U.S. LDV fleet to meet
climate targets with advanced production pathway best-case for e-gasoline production?!

Feedstock Climate Peak annual demand Current and
or energy Unit targets BAU BEV with | High BEV with | High BEV with | projected
carrier U.S. grid U.S. grid RE production levels
1.5°C 1.1 1.1 0.48 U.S.(2023):0.022
[77]
Captured Gt Global (2023):
o, 2°C 1.1 0.4 0.046 0.05[77]
Global (2030):
0.44 [77]
Syngas (Co- 1.5°C 830 760 340 .
. Mt No available data
electrolysis) 2°C 790 290 34
1.5°C 7400 6800 3100 U.S. (2022): 913
[80]
Renewable TWh U.S. (2050): 2060
electricity 2°C 7100 2600 300 [10]
Global (2021):
7900 [81]

1 Advanced production pathway best-case: Fischer-Tropsch gasoline produced from co-electrolysis-
based pathway, direct air capture CO,, wind electricity, and solar thermal heat.

Table $28 Peak annual demand for e-gasoline feedstock and energy carriers for U.S. LDV fleet to meet
climate targets with advanced production pathway mid-case for e-gasoline production?!

Feedstock Climat Peak annual demand Current and
imate
or energy Unit tareets BAU BEV with | High BEV with | High BEV with | projected
carrier g U.S. grid U.S. grid RE production levels
1.5°C 1.2 1.1 0.76 U.S.(2023):0.022
[77]
Captured Gt Global (2023):
CO, 2°C 1.1 0.53 0.097 0.05 [77]
Global (2030):
0.44 [77]
Syngas (Co- 1.5°C 840 830 550 .
. Mt No available data
electrolysis) 2°C 820 380 70
1.5°C 7600 7400 4900 U.S. (2022): 913
[80]
Renewable U.S. (2050): 2060
T\Ah
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[10]

Global (2021):
7900 [81]

1 Advanced production pathway mid-case: Fischer-Tropsch gasoline produced from co-electrolysis-based
pathway, direct air capture CO,, solar photovoltaic electricity, and solar thermal heat.

3.8.2 Comparing demand for feedstock and renewable electricity in baseline scenario
with other studies

Figure S8 and Figure S9 show the annual demand for captured CO,, electricity, and H, in the U.S.
LDV fleet to meet the 1.5 °C and 2 °C climate targets under different BEV deployment scenarios.
The e-gasoline fuel production pathway used here is the FT-gasoline produced from the
electrolysis-based production pathway where AEL is used for hydrogen production, wind
electricity is used for the whole e-gasoline production chain, and DAC is heated by solar thermal
energy.
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Figure S8 2020-2050 annual demand for CO,, electricity, and H, for U.S. LDV fleet under various
scenarios to meet the 1.5 °C climate target. “Electricity-Vehicle use” includes electricity used for
charging electric vehicles but excludes electricity used to produce H, for direct use in hydrogen fuel cell
electric vehicles (whose numbers are projected to be low). For comparison, projection data are collected
from the Annual Energy Outlook (AEO) 2022 reference case [10], [82], and the Princeton Net Zero
America (NZA) E+RE+ scenario [6]. The e-gasoline fuel production pathway used here is the Fischer-
Tropsch gasoline produced from the electrolysis-based production pathway where alkaline electrolysis is
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used for hydrogen production, wind electricity is used for the whole e-gasoline production chain, and
direct air capture is heated by solar thermal energy. Abbreviation: RE: renewable electricity.
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Figure S9 2020-2050 annual demand for CO,, electricity, and H, for U.S. LDV fleet under various
scenarios to meet the 2 °C climate target. “Electricity-Vehicle use” includes electricity used for charging
electric vehicles but excludes electricity used to produce H, for direct use in hydrogen fuel cell electric
vehicles (whose numbers are projected to be low). For comparison, projection data are collected from
the AEO reference case [10], [82], and the Princeton NZA E+RE+ scenario [6]. The e-gasoline fuel
production pathway used here is the Fischer-Tropsch gasoline produced from the electrolysis-based
production pathway where alkaline electrolysis is used for hydrogen production, wind electricity is used
for the whole e-gasoline production chain, and direct air capture is heated by solar thermal energy.
Abbreviation: RE: renewable electricity.

3.9 Demand for critical materials from water electrolyzers and RE generation

3.9.1 Cumulative demand for critical materials from water electrolyzers

Figure $10 and Figure S11 present the cumulative demand for critical materials from water
electrolyzers to meet the 2 °C climate target with e-gasoline produced from wind electricity
under the BAU BEV with U.S. grid and high BEV with RE scenarios, respectively. Figure S12
presents the highest cumulative demand for critical materials from water electrolyzers, when
FT-gasoline is produced from solar PV electricity under the BAU BEV with U.S. grid scenario to
meet the 1.5 °C climate target. Other scenarios are similar to the presented ones (especially
within the same BEV deployment scenario), and so results are not shown.
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Figure $10 Cumulative demand from 2020 to 2050 for critical materials from water electrolyzers with
0% and 100% material recovery under the BAU BEV with U.S. grid scenario to meet the 2 °C climate
target with e-gasoline produced from wind electricity. These fleet-level results correspond with
Fischer-Tropsch gasoline produced from direct air capture CO, and powered by wind electricity and solar
thermal heat. The first three panels represent scenarios with 100% of a certain electrolyzer technology,
and the last panel represents a scenario with a 20% share of alkaline electrolysis (AEL), 50% of proton
exchange membrane (PEM), and 30% of solid oxide electrolyzer cell (SOEC). We include material use for
water electrolyzers only for e-gasoline production but not for hydrogen production for fuel cell vehicles.
Abbreviations: Al: aluminum; Co: cobalt; Gd: gadolinium; Ir: iridium; La: lanthanum; Mn: manganese; Ni:

nickel; Pt: platinum; Sm: Samarium; Ti: titanium; Y: yttrium; Zr: zirconium.

52



Zr 10000 5000 o
Ni 300000 100000 w
Al 20000 3000 <
Ti 70000 20000
Pt 100 10 =
w
Ir 40 o
Al 3000 1000
Zr 10000 2000
e 2000 400
Sm 1 0
Ni 30000 5000 3
—_ o % of 2021 world reserve
= Mn 500 50 o g
@ La 1000 300 less tlo1an 0.1%
= 0.1-1%
o} Gd 1 0 1-10%
o) 800 %0 10-100%
=t 100-200%
Zr 6000 2000 larger than 200%
¥ 800 100
T 40000 10000
Sm 0 0 8
(o]
Pt. 50 5 ?
Ni 60000 30000 E
Mn 200 20 u
La 400 20 i
i g e
Gd 0 0
Co 200 20
Al 5000 1000
0% material recovery 100% material recovery

Figure S11 Cumulative demand from 2020 to 2050 for critical materials from water electrolyzers with
0% and 100% material recovery under the high BEV with RE scenario to meet the 2 °C climate target
with e-gasoline produced from wind electricity. These fleet-level results correspond with Fischer-
Tropsch gasoline produced from direct air capture CO, and powered by wind electricity and solar
thermal heat. The first three panels represent scenarios with 100% of a certain electrolyzer technology,
and the last panel represents a scenario with a 20% share of alkaline electrolysis (AEL), 50% of proton
exchange membrane (PEM), and 30% of solid oxide electrolyzer cell (SOEC). We include material use for
water electrolyzers only for e-gasoline production but not for hydrogen production for fuel cell vehicles.
Abbreviations: Al: aluminum; Co: cobalt; Gd: gadolinium; Ir: iridium; La: lanthanum; Mn: manganese; Ni:
nickel; Pt: platinum; Sm: Samarium; Ti: titanium; Y: yttrium; Zr: zirconium.
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Figure S12 Cumulative demand from 2020 to 2050 for critical materials from water electrolyzers with
0% and 100% material recovery under the BAU BEV with U.S. grid scenario to meet the 1.5 °C climate
target with e-gasoline produced from solar PV electricity. These fleet-level results correspond with FT-
gasoline produced from direct air capture CO, and powered by solar photovoltaic (PV) electricity and
solar thermal heat. The first three panels represent scenarios with 100% of a certain electrolyzer
technology, and the last panel represents a scenario with a 20% share of alkaline electrolysis (AEL), 50%
of proton exchange membrane (PEM), and 30% of solid oxide electrolyzer cell (SOEC). We include
material use for water electrolyzers only for e-gasoline production but not for hydrogen production for
fuel cell vehicles.

Abbreviations: Al: aluminum; Co: cobalt; Gd: gadolinium; Ir: iridium; La: lanthanum; Mn: manganese; Ni:
nickel; Pt: platinum; Sm: Samarium; Ti: titanium; Y: yttrium; Zr: zirconium.

3.9.2 Cumulative demand for critical materials from renewable electricity generation
Figure S13 and Figure S14 present the cumulative demand for critical materials from renewable

electricity generation to produce e-gasoline to meet the 2 °C climate target under the BAU BEV
with U.S. grid and high BEV with RE scenarios, respectively. Figure S15 presents the cumulative
demand for critical materials from renewable electricity generation to produce e-gasoline to
meet the 1.5 °C climate target under the BAU BEV with U.S. grid scenario. Other scenarios are
similar to the presented ones and so results are not shown.
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Figure S13 Cumulative demand from 2020 to 2050 for critical materials from renewable electricity
generation with 0% and 100% material recovery under the high BEV with U.S. grid scenario to meet
the 2 °C climate target. These fleet-level results correspond with Fischer-Tropsch gasoline produced
from electrolysis or co-electrolysis and CO, captured by direct air capture heated by solar thermal
energy. The technology share of electrolyzer technology is 20% share of alkaline electrolysis, 50% of
proton exchange membrane, and 30% of solid oxide electrolyzer cell. The first two panels represent
scenarios with 100% wind or solar photovoltaic (PV) electricity, and the last panel represents a scenario
with the assumed source share of wind and solar PV electricity. We include material use for generating
renewable electricity only for e-gasoline production but not for vehicle charging.

Abbreviations: Ag: silver; Al: aluminum; Cd: cadmium; Dy: dysprosium; Ga: gallium; In: indium; Mn:
manganese; Mo: molybdenum; Nd: neodymium; Ni: nickel; Pr: praseodymium; Se: selenium; Tb:
terbium; Te: tellurium.
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Figure S14 Cumulative demand from 2020 to 2050 for critical materials from renewable electricity
generation with 0% and 100% material recovery under the high BEV with RE scenario to meet the 2 °C
climate target. These fleet-level results correspond with Fischer-Tropsch gasoline produced from
electrolysis or co-electrolysis and CO, captured by direct air capture heated by solar thermal energy. The
technology share of electrolyzer technology is 20% share of alkaline electrolysis, 50% of proton
exchange membrane, and 30% of solid oxide electrolyzer cell. The first two panels represent scenarios
with 100% wind or solar photovoltaic (PV) electricity, and the last panel represents a scenario with the
assumed source share of wind and solar PV electricity. We include material use for generating
renewable electricity only for e-gasoline production but not for vehicle charging.

Abbreviations: Ag: silver; Al: aluminum; Cd: cadmium; Dy: dysprosium; Ga: gallium; In: indium; Mn:
manganese; Mo: molybdenum; Nd: neodymium; Ni: nickel; Pr: praseodymium; Se: selenium; Th:
terbium; Te: tellurium.
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Figure S15 Cumulative demand from 2020 to 2050 for critical materials from renewable electricity
generation with 0% and 100% material recovery under the high BEV with U.S. grid scenario to meet
the 1.5 °C climate target. These fleet-level results correspond with Fischer-Tropsch gasoline produced
from electrolysis or co-electrolysis and CO, captured by direct air capture heated by solar thermal
energy. The technology share of electrolyzer technology is 20% share of alkaline electrolysis, 50% of
proton exchange membrane, and 30% of solid oxide electrolyzer cell. The first two panels represent
scenarios with 100% wind or solar photovoltaic (PV) electricity, and the last panel represents a scenario
with the assumed source share of wind and solar PV electricity. We include material use for generating
renewable electricity only for e-gasoline production but not for vehicle charging.

Abbreviations: Ag: silver; Al: aluminum; Cd: cadmium; Dy: dysprosium; Ga: gallium; In: indium; Mn:
manganese; Mo: molybdenum; Nd: neodymium; Ni: nickel; Pr: praseodymium; Se: selenium; Th:
terbium; Te: tellurium.

3.9.3 Combined cumulative demand for critical materials from water electrolyzers,

renewable electricity generation, and battery manufacturing

Table $29 shows the cumulative demand from 2020 to 2050 for critical materials from battery
manufacturing under high BEV scenarios, obtained from Tarabay et al. [83]. High BEV scenarios
are assumed to have 100% new sales of BEVs by 2035. We collect data for scenarios with
constant market share and 0% or 90% material recovery from [83]. The constant market share
is represented by 71% nickel manganese cobalt oxide (NMC) cathode 622, 25% lithium nickel
cobalt aluminum oxide (NCA) cathode, and 4% lithium iron phosphate (LFP) cathode in [83].

Table $29 Cumulative demand from 2020 to 2050 for critical materials from battery manufacturing
under high BEV scenarios ! (Source: [83])
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Material Assumptions 2 Cumulative demand (Mt)
. Constant market share + 0% material recovery 29
Aluminum (Al) -
Constant market share + 90% material recovery 22
Constant market share + 0% material recovery 6
Cobalt (Co) -
Constant market share + 90% material recovery 5
. . Constant market share + 0% material recovery 4
Lithium (Li) -
Constant market share + 90% material recovery 3
Constant market share + 0% material recovery 5
Manganese (Mn) -
Constant market share + 90% material recovery 3
. . Constant market share + 0% material recovery 22
Nickel (Ni) -
Constant market share + 90% material recovery 16

1 High BEV scenarios are assumed to have 100% new sales of BEVs by 2035.

2 Assumptions are obtained from Tarabay et al. [83]. The “Constant market share + 0% material
recovery” scenario corresponds to the “No Change (Reference)” scenario in [83], while the “Constant
market share + 90% material recovery” scenario corresponds to the “Direct” scenario in [83]. The
“constant market share” is represented by 71% nickel manganese cobalt oxide (NMC) cathode 622, 25%
lithium nickel cobalt aluminum oxide (NCA) cathode, and 4% lithium iron phosphate (LFP) cathode in
[83].

Table S30 presents the cumulative demand for critical materials from water electrolyzers,
renewable electricity generation, and battery manufacturing during 2020-2050 to meet 1.5 and
2 °C climate targets under high BEV with U.S. grid scenario. Data for battery manufacturing are
collected from Tarabay et al. [83]. Only materials with a demand larger than 1% of the 2021
world reserve without material recovery are presented.

Table S30 Cumulative demand for critical materials from water electrolyzers, renewable electricity
generation, and battery manufacturing during 2020-2050 to meet 1.5 and 2 °C climate targets under
high BEV with U.S. grid scenario !

Climate Cumulative demand (t) % 2021 world reserve
target Material No material With material No material With material
recovery recovery recovery recovery

Cobalt (Co) 6200000 4600000 82% 60%
Iridium (Ir) 4800 470 310% 31%
Nickel (Ni) 23000000 17000000 25% 18%
Lithium (Li) 4400000 3200000 20% 15%

15 °C Tellurium (Te) 910 900 2.90% 2.90%
Indium (In) 280 270 1.80% 1.80%
Silver (Ag) 7400 7400 1.40% 1.40%
Molybdenum (Mo) 190000 160000 1.20% 1%
Yttrium (Y) 11000 2600 3.10% 0.74%
Platinum (Pt) 920 130 2.80% 0.41%
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Cobalt (Co) 6200000 4600000 82% 60%
Nickel (Ni) 22000000 16000000 23% 17%
Lithium (Li) 4400000 3200000 20% 15%
5°c Iridium (Ir) 2400 190 160% 12%
Tellurium (Te) 520 520 1.70% 1.70%
Indium (In) 170 170 1.10% 1.10%
Yttrium (Y) 5600 1000 1.60% 0.29%
Platinum (Pt) 470 53 1.40% 0.16%

1The results correspond to Fischer-Tropsch gasoline produced from the assumed market share of
electrolyzers and renewable electricity sources, and CO, from direct air capture heated by solar thermal

energy. Only materials with a demand larger than 1% of the 2021 world reserve without material
recovery are presented.

Figure S16 shows the contribution of water electrolyzers, renewable electricity generation, and
battery manufacturing to cumulative demand for cobalt, iridium, lithium, and nickel during
2020-2050 to meet 1.5 and 2 °C climate targets under high BEV with U.S. grid scenario.
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Figure $16 Contribution of water electrolyzers, renewable electricity (RE) generation, and battery
manufacturing to cumulative demand for cobalt (Co), iridium (Ir), lithium (Li), and nickel (Ni) during
2020-2050 to meet 1.5 and 2 °C climate targets under high BEV with U.S. grid scenario. The results
correspond to Fischer-Tropsch gasoline produced from the assumed market share of electrolyzers and
renewable electricity sources, and CO, from direct air capture heated by solar thermal energy. The

“With material recovery” scenario is represented by a material recovery rate of 90% in battery
manufacturing and 100% in electrolyzer and RE generation. Only materials with a demand larger than 10%
of the 2021 world reserve without material recovery are presented.
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3.10 Production cost and carbon abatement costs of FT-fuels and MTG-gasoline
from literature

Figure S17 and Figure S18 show the production costs of FT-fuels and MTG-gasoline collected
from the literature with the unit of USD2022 per MJ of fuel and USD2022 per L of fuel. All
reported production costs are higher than the 5-year average production costs of conventional
gasoline and diesel during 2018-2022 in the U.S.

The wide range of e-gasoline production costs derives from variations in economic assumptions
and production scenarios. For economic assumptions, the production cost is mainly driven by
the prices of electricity and CO,. The lowest cost of $0.72/L ($0.023/M)) is from Ueckerdt et al.
[63] whose electricity price was $0.05/kWh and CO, price was $82/t CO,, while the highest cost
of $8.3/L (50.27/M)) is from Brynolf et al. [64] whose electricity price was $0.08/kWh and CO,
price was $1600/t CO,.

For electrolysis and co-electrolysis, it was reported that e-gasoline based on SOEC electrolysis
has the lowest cost due to the high production efficiency [11], [64], while e-gasoline based on
PEM electrolysis has the highest cost due to the use of noble metals like platinum and iridium
[64], [84]. For chemical synthesis, Brynolf et al. [64] reported higher production costs of MTG-
gasoline compared to FT-liquids, while Soler et al. [9] reported higher production costs of FT-
diesel compared to MTG-gasoline. These studies differ in their conclusions because of the
uncertainty of the power-to-fuel efficiency of the two production routes [9], [64]. For carbon
capture, capturing CO, from industrial flue gas costs $21-110/t CO,, which is generally cheaper
than the estimated 82-1600/t CO, from DAC due to its higher energy consumption [11], [39],
[63], [64], [65].

Figure $19 shows the carbon abatement costs of FT-fuels and MTG-gasoline collected from the
literature. Some reported carbon abatement costs fall within or below the range of social costs
of GHG emitted between 2020 and 2050, indicating that there are social economic benefits to
replacing conventional fossil fuels with FT-fuels and MTG-gasoline. Table S31 summarizes
technological and economic assumptions and results for all used scenarios from the literature.
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Figure S17 Production cost of FT-fuels and MTG-gasoline in the unit of MJ from literature versus
electricity price and CO, price. The unit of MJ refers to the lower heating value (LHV) of the fuel. The
production costs of conventional diesel and gasoline are the 5-year average crude oil price and refinery
cost from 2018 to 2022, which are $0.017/M!J for diesel and $0.018/MI for gasoline. Data comes from
U.S. EIA [70], [71]. Ueckderdt et al. (number 5) [63] did not specify whether they used AEL or PEM
electrolysis and FT or MTG production pathways, and thus the figure shows “AEL/PEM” and “FT/MTG".
The numbering of literature is as follows: 1. Soler et al. [9], 2. Hombach et al. [11], 3. Orddiiez et al. [39],
4. Kannangara et al. [62], 5. Ueckerdt et al. [63], 6. Brynolf et al. [64], and 7. Zang et al. [65].
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Figure S18 Production cost of FT-fuels and MTG-gasoline in the unit of L from literature versus
electricity price and CO, price. The production costs of conventional diesel and gasoline are the 5-year
average crude oil price and refinery cost from 2018 to 2022, which are $0.61/L for diesel and $0.57/L for
gasoline. Data comes from U.S. EIA [70], [71]. Ueckderdt et al. (number 5) [63] did not specify whether
they used AEL or PEM electrolysis and FT or MTG production pathways, and thus the figure shows
“AEL/PEM” and “FT/MTG”. The numbering of literature is as follows: 1. Soler et al. [9], 2. Hombach et al.
[11], 3. Orddriez et al. [39], 4. Kannangara et al. [62], 5. Ueckerdt et al. [63], 6. Brynolf et al. [64], and 7.
Zang et al. [65].
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Figure S19 Carbon abatement cost of FT-fuels and MTG-gasoline versus electricity emission factor. The
social costs of carbon come from the U.S. EPA [72]. The figure shows the minimum and maximum values
of GHG emitted during 2020-2050. The values range from $140/t CO, to $540/t CO, (USD2022).
Ueckderdt et al. (number 5) [63] did not specify whether they used AEL or PEM electrolysis and FT or
MTG production pathways, and thus the figure shows “AEL/PEM” and “FT/MTG”. The numbering of
literature is as follows: 1. Soler et al. [9], 2. Hombach et al. [11], 3. Ordédfiez et al. [39], 4. Kannangara et
al. [62], and 5. Ueckerdt et al. [63].
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Table S31 Production costs, abatement costs, and technological and economic assumptions from the literature

. . Total Abatement
. . CO, price Electricity L.
Source . . Electricity price Total cost Total cost emission cost
Source Timeframe | E-fuel type| Production pathway (USD2022/t EF (g CO2-
number| (USD2022/kWh) co2) (USD2022/MJ_LHV)|(USD2022/L) /kWh) (g CO,- |(USD2022/t
e
4 eq/MJ_LHV)| CO,-eq)
Before MTG-
6 Brynolf et al. . AEL+MTG+DAC CO2 0.082 1600 0.27 8.3 NA NA NA
2020 gasoline
Before o
6 Brynolf et al. 2020 FT-liquids AEL+FT+DAC CO2 0.082 1600 0.23 7 NA NA NA
Before .
2 Hombach et al. 2020 FT-diesel AEL+FT+DAC CO2 0.13 840 0.22 7.3 33 64 11000
Before MTG-
6 Brynolf et al. . PEM+MTG+IND CO2 0.082 49 0.21 6.6 NA NA NA
2020 gasoline
Before .
2 Hombach et al. 2020 FT-diesel AEL+FT+DAC CO2 0.13 840 0.19 6.4 650 440 -500
. Before .
3 Ordéiiez et al. 2030 FT-gasoline| SOEC+FT+IND CO2 0.19 110 0.18 6.2 15 -45 2700
- Before .
3 Ordoiiez et al. 2020 FT-gasoline] PEM+FT+IND CO2 0.19 110 0.17 5.8 15 -24 3800
Before N
6 Brynolf et al. 2030 FT-liquids PEM+FT+IND CO2 0.082 49 0.17 53 NA NA NA
MTG-
6 Brynolf et al. 2030 i AEL+MTG+DAC CO2 0.082 820 0.16 5 NA NA NA
gasoline
2 Hombach et al. 2030 FT-diesel AEL+FT+DAC CO2 0.13 300 0.15 5.1 19 7.7 1800
2 Hombach et al. 2030 FT-diesel SOEC+FT+DAC CO2 0.13 300 0.14 4.8 15 6.6 1700
6 Brynolf et al. 2030 FT-liquids AEL+FT+DAC CO2 0.082 820 0.14 4.3 NA NA NA
2 Hombach et al. 2030 FT-diesel AEL+FT+DAC CO2 0.13 300 0.13 4.5 370 150 -2100
7 Zang et al. 2020 FT-diesel PEM+FT+IND CO2 NA 21 0.13 4 NA NA NA
1 Soler et al. 2020 FT-diesel AEL+FT+IND CO2 0.11 NA 0.13 4.4 18 13 1400
Before MTG-
6 Brynolf et al. . AEL+MTG+IND CO2 0.082 49 0.13 3.9 NA NA NA
2020 gasoline
2 Hombach et al. 2030 FT-diesel SOEC+FT+DAC CO2 0.13 300 0.13 4.3 370 110 -7300
1 Soler et al. 2020 MTG- AEL+MTG+IND CO2 0.11 NA 0.11 3.5 18 12 1300
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gasoline

1 Soler et al. 2050 FT-diesel AEL+FT+DAC CO2 0.091 NA 0.11 3.8 18 13 940
1 Soler et al. 2030 FT-diesel AEL+FT+IND CO2 0.099 NA 0.11 3.8 18 12 1000
Before o
6 Brynolf et al. 2020 FT-liquids AEL+FT+IND CO2 0.082 49 0.1 3.2 NA NA NA
MTG-
6 Brynolf et al. 2030 . PEM+MTG+IND CO2 0.082 49 0.098 3 NA NA NA
gasoline
MTG-
1 Soler et al. 2030 . AEL+MTG+IND CO2 0.099 NA 0.098 3 18 11 1000
gasoline
MTG-
6 Brynolf et al. 2030 . AEL+MTG+IND CO2 0.082 49 0.097 3 NA NA NA
gasoline
MTG-
1 Soler et al. 2050 . AEL+MTG+DAC CO2 0.091 NA 0.096 3 18 12 970
gasoline
. AEL/PEM+FT/MTG+DAC|
5 Ueckerdt et al. 2020 E-gasoline co2 0.082 750 0.094 2.9 26 NA 1300
MTG-
6 Brynolf et al. 2030 . SOEC+MTG+IND CO2 0.082 49 0.085 2.6 NA NA NA
gasoline
6 Brynolf et al. 2030 FT-liquids PEM+FT+IND CO2 0.082 49 0.084 2.6 NA NA NA
6 Brynolf et al. 2030 FT-liquids AEL+FT+IND CO2 0.082 49 0.082 2.5 NA NA NA
6 Brynolf et al. 2030 FT-liquids SOEC+FT+IND CO2 0.082 49 0.075 2.3 NA NA NA
7 Zang et al. 2020 FT-diesel PEM+FT+IND CO2 0.085 93 0.073 2.3 NA NA NA
7 Zang et al. 2020 FT-diesel PEM+FT+IND CO2 0.085 47 0.066 NA NA NA
7 Zang et al. 2020 FT-diesel PEM+FT+IND CO2 0.085 41 0.065 NA NA NA
Kannangara et Before .
4 FT-diesel PEM+FT+IND CO2 0.034 NA 0.064 2 24 32 780
al. 2020
Zang et al. 2020 FT-diesel PEM+FT+IND CO2 0.085 21 0.061 1.9 NA NA NA
Zang et al. 2020 FT-diesel PEM+FT+IND CO2 0.085 0 0.057 1.8 NA NA NA
. AEL/PEM+FT/MTG+DAC|
5 Ueckerdt et al. 2030 E-gasoline o2 0.082 250 0.047 14 26 32 450
7 Zang et al. 2020 FT-diesel PEM+FT+IND CO2 NA 21 0.033 1 NA NA NA
. AEL/PEM+FT/MTG+DAC
5 Ueckerdt et al. 2050 E-gasoline co2 0.049 82 0.023 0.72 16 24 31
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* The numbering of literature is as follows: 1. Soler et al. [9], 2. Hombach et al. [11], 3. Orddiiez et al. [39], 4. Kannangara et al. [62], 5. Ueckerdt

et al. [63], 6. Brynolf et al. [64] and 7. Zang et al. [65].
Abbreviations: AEL: alkaline electrolysis; PEM: proton exchange membrane electrolysis; SOEC: solid oxide electrolyzer cell; FT: Fischer-Tropsch;

MTG: methanol-to-gasoline; DAC: direct air capture; IND: industrial flue gas; EF: emission factor; NA: not applicable or no available data.
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3.11 Comparing tailpipe emissions of air pollutants from combusting e-gasoline

and conventional gasoline in ICEVs-G

This section provides more details on the two studies that examined single Euro vehicles using
e-gasoline and compared results with those using conventional gasoline [85], [86]. Transport &
Environment [85] compared tailpipe emissions from using high paraffinic e-gasoline
(representing products from FT synthesis) and standard E10 European Union petrol in a
Mercedes A180 (a Euro 6d-temp, 4-cylinder, 1.3 L, 6-speed manual car fitted with a gasoline
particulate filter) through official lab tests and real-world lab tests. Results showed that using e-
gasoline would result in 1.2-3 times higher emissions of CO, 81-97% lower emissions of the
number of particles larger than 10 nm (PN10), and no significant differences in emissions of
NOy and particle mass [85]. Demuynck et al. [86] compared the tailpipe emissions between
using MTG-gasoline and RON95 E10 gasoline in a Euro 6d C-segment car (4-cylinder, 1.5 L)
installed with an advanced emission control system. They observed slightly lower emissions of
NOx, PN10, and non-methane organic gases for MTG-gasoline but concluded the emissions are
similar [86].
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