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Abstract

Reducing greenhouse gas (GHG) emissions in the transport sector is one of the biggest challenges in the German energy
transition. Furthermore, sustainable development does not stop with reducing GHG emissions. Other environmental, social
and economic aspects should not be neglected. Thus, here a comprehensive sustainability assessment for passenger vehi-
cles is conducted for 2020 and 2050. The discussed options are an internal combustion engine vehicle (ICEV) fuelled with
synthetic biofuel and fossil gasoline, a battery electric vehicle (BEV) with electricity from wind power and electricity mix
Germany and a fuel cell electric vehicle (FCEV) with hydrogen from wind power. The life cycle-based assessment entails
13 environmental indicators, one economic and one social indicator. For integrated consideration of the different indicators,
the MCDA method Technique for Order Preference by Similarity to Ideal Solution (TOPSIS) is chosen. For the assessment,
a consistent assessment framework, i.e. background scenario and system boundaries, and a detailed modelling of vehicle
production, fuel supply and vehicle use are the cornerstones. The BEV with wind power is the most sustainable option in
2020 as well as in 2050. While in 2020, the second rank is taken by the ICEV with synthetic biofuel from straw and the last
rank by the FCEYV, in 2050 the FCEV is the runner-up. With the help of MCDA, transparent and structured guidance for
decision makers in terms of sustainability assessment of motorized transport options is provided.
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Introduction
Motivation

The clean energy transition, including all sectors, is an ambi-
tious goal to transform our society from its current state
towards one with higher sustainability (EERA 2021). Global
energy demand has increased continuously in recent years
and is still being dominated by the combustion of fossil
hydrocarbons. In 2017, about 80% of primary energy was
generated from fossil fuels such as crude oil, natural gas and
coal (IEA 2020). More than 35% of the energy is used for
mobility applications, i.e. for shipping, aviation and road
transport (IEA 2020). The use of fossil raw materials is asso-
ciated with the emission of large quantities of greenhouse
gases (GHG). In particular, carbon dioxide (CO,) accounts
for about two-thirds of GHGs in the atmosphere causing
global warming (United Nations 2020). In Germany, for
example, around 43% of the population uses a car every
day (Statista 2021a). At the same time, conventional internal
combustion engine vehicles (ICEVs) remain the technology
of choice with a share of almost 75% of new registrations
(Statista 2021b). These two aspects clearly contradict the
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German government’s goal of reducing GHG emissions in
the transport sector by 40-42% in 2030 compared to 1990
(BMU 2020). In order to achieve the goal of reducing GHG
emissions in the transport sector in line with EU Directive
2018/2001 (RED 1II for short), further development and
establishment of alternative drive technologies, e.g. electric
motor with fuel cell—FCEV or battery—BEYV, and climate-
neutral fuels, e.g. synthetic biofuels, are essential (European
Parliament 2018). In order to reduce emitted GHGs on a
global scale, the scope of consideration needs to include the
whole life cycle, i.e. the manufacturing of vehicles and fuels,
the operational as well as end-of-life phases of a vehicle.
From a sustainability point of view, not only GHG emis-
sions, but also further environmental, economic and social
aspects have to be considered (Guinée 2016). This means
that transportation technologies must be affordable, socially
accepted and environmentally benign. Several challenges
can arise from such multifaceted sustainability requirements.
In order to be able to make a statement regarding sustainabil-
ity, first of all, a comprehensive picture of promising alter-
natives should be provided, i.e. an indicator-based prospec-
tive assessment including the whole life cycle needs to be
carried out, and secondly, different and possibly conflicting
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sustainability indicators have to be handled in an integrated
manner, i.e. weighed up against each other in order to find
the most suitable option(s). Life cycle sustainability assess-
ment (LCSA) using multi-criteria decision analysis (MCDA)
is one of the major methods implemented to conduct com-
prehensive sustainability assessment, not only in the context
of energy technologies and systems (Costa et al. 2019; Wulf
et al. 2019). MCDA methods allow it to consider different
indicators simultaneously and to integrate different prefer-
ences related to sustainability assessment (Talukder and
Hipel 2021) and are therefore suitable to test our hypothesis
that alternative drive technologies and renewable fuels are
more sustainable than conventional ones.

Literature review

Within this subsection, we focus on literature dealing with
life cycle assessment (LCA), LCSA and MCDA for sustain-
ability assessment of alternative drive technologies, i.e.
BEV, FCEV and ICEV fuelled with conventional as well as
alternative fuels. Concerning life cycle-based assessments,
several recent studies exist discussing different alternative
drive technologies and fuels. While, for example, Kawamoto
et al. 2019 and Cerdas et al. 2018 focus on CO, and GHG
emissions only, in Lombardi et al. 2017, 18 environmental
impacts were assessed. Also, several economic assessments
have been recently published, e.g. Morrison et al. 2018, Nas-
sif and Almeida 2020 and Weldon et al. 2018; however, there
are few life cycle-based analyses discussing both environ-
mental and economic aspects. An early approach to this topic
made by Faria et al. (2012). They performed a well-to-wheel
analysis, i.e. an LCA without considering the production of
the vehicles, and analysed a BEV in comparison with an
ICEV. They concluded that, in the European context, a BEV
will have in 2020 comparable costs to an ICEV, but only half
the GHG emissions. None of these analyses included any
socio-economic evaluations or give special attention to pro-
spective assessment though. Another example is Onat et al.
2019, who used a hybrid multi-regional input—output-based
LCSA and fourteen indicators encompassing the three pil-
lars of sustainability (environment, society and economy) to
analyse different support utility electric vehicle technologies,
i.e. hybrid—HEYV, plug-in hybrid—PHEYV and full battery—
BEV for Qatar. In the same year, Bekel and Pauliuk 2019
performed a prospective comparison of a FCEV and a BEV
in Germany with environmental and cost assessments. Their
analysis had a focus on several environmental indicators and
the comprehensive modelling of the charging infrastructure
of BEVs. The focus of Cox et al. 2020 for a prospective com-
parison of BEVs and FCEV in the European context was the
integration of different energy scenarios and its influence on
the total cost of ownership and several environmental indi-
cators. More recently, Yan and Sun 2021 have investigated

the impact of electric vehicle development on China’s GHG
emissions and fossil energy demand from a life cycle per-
spective. Shinde et al. 2021 assessed the environmental
impact of the production and utilization of bio-methane and
biogas-based electricity as a vehicle fuel for public transport
buses in Sweden, and Riidisiili et al. (2022) examined GHG
mitigation of electricity-based mobility (BEV, FCEV, ICEV
fuelled with SNG) from a life cycle point of view in a Swiss
scenario setting. All of the above-mentioned studies do not
carry out an integrated assessment using, e.g. MCDA, i.e.
no final statement on the advantageousness of one of the
alternatives including all considered indicators is drawn. In
the field of biofuel sustainability assessment, a number of
works exist that link the LC(S)A approach with MCDA, e.g.
Ren et al. 2015 (bioethanol production pathways in China),
Ubando et al. 2016 (algal cultivation systems for sustainable
biofuel production), Racz et al. 2018 (biodiesel production
alternatives) and Mahbub et al. 2018 (oxymethylene ether as
a diesel additive). Kiigemann and Polatidis 2020 classify and
analyse the literature applying MCDA methods on the evalu-
ation of road transportation fuels and vehicles, pointing out
that “some of the authors rely on LCSA for criteria selection
as it provides a holistic approach to assess the sustainabil-
ity of specific products”. For example, Maciot and Re¢biasz
2018 examine the influence of different MCDA methods on
the assessment results of private passenger vehicles (ICEV,
HEV, PHEV and BEV) and Cai et al. 2017 combine multi-
ple MCDA methods and LCA to assess Beijing’s taxi fleet,
including BEV, HEV, PHEV and ICEVs based on environ-
mental, economic and on-road policy criteria. Likewise,
in Onat et al. (2016a), and Onat et al. (2016b), economic,
environmental and social indicators are considered for the
assessment of BEV, HEV, PHEV and conventional ICEVs in
the USA using MCDA. From this literature review, the need
for a comprehensive and prospective sustainability assess-
ment of ICEV (conventional and alternative fuels), BEV and
FCEV in order to support decision makers with respect to a
sustainable mobility transition in Germany becomes clear.

Scope and structure

In this paper, the question is addressed whether, in addi-
tion to the required change in mobility behaviour, alter-
native drive technologies can contribute to improving not
only the climate balance but also overall sustainability of
the transport sector in Germany. Therefore, a comprehen-
sive life cycle-based sustainability assessment using MCDA
is applied for prospective and comparative sustainability
assessment of three different vehicle types, i.e. ICEV, BEV
and FCEV. The life cycle-based assessment covers the pro-
duction of the fuels and the passenger cars (glider, driv-
etrain, energy storage) and the use of the passenger cars.
End-of-life phase is not comprehensively included due to
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lack of information for certain recycling processes. For sus-
tainability assessment, the indicator set developed within
the Helmbholtz Initiative Energy System 2050 (Haase et al.
2022) is used together with the MCDA method Technique
for Order Preference by Similarity to Ideal Solution (TOP-
SIS) (Hwang and Yoon 1981). Through sensitivity analysis,
the influence of different weightings as well as of uncertain
(prospective) input data on the overall results is discussed.
Within the section Materials and Methods, the approach for
sustainability assessment, related methods and indicators, is
presented. Subsequently, considered alternative drive tech-
nologies and fuels are technically characterized. Further-
more, system boundaries and modelling details for vehicle
production, fuel supply and vehicle use as a basis for pro-
spective economic, environmental and social assessment are
given. With the presented approach, individual vehicles are
compared to each other for the base year 2020 and for the
prospective year 2050. It should be noted that based on these
results, no predictions about an optimal individual motorized
transport mix in Germany in 2050 are possible as, for exam-
ple, neither predictions of future availabilities of resources
nor of future infrastructures are included in this study. The

novelty of our paper arises from the combination of (i) a
comprehensive and prospective well-to-wheel analysis of
ICEV, BEV and FCEY, (ii) consideration of economic, envi-
ronmental and social sustainability criteria, and (iii) integra-
tive sustainability assessment using MCDA.

Materials and methods

In this section, the approach for sustainability assessment,
technical characteristics and modelling of considered vehi-
cles and fuels as well as input data for the assessment are
presented.

Approach for sustainability assessment

In this paper, the approach for sustainability assessment
developed within the “Energy System 2050 framework
(ES2050) is used (cf. Figure 1) and extended with respect
to the application of MCDA for the integrated consideration
of sustainability indicators. It consists of the three elements
“environmental”, “economic” and “social” assessment in
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P o
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Fig.1 Energy System 2050 (ES2050) approach for sustainability assessment of energy technologies (adapted from Haase et al. 2022)
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accordance with the triple-bottom line model of sustainabil-
ity (cf. Haase et al. 2022). Starting point of the assessment
is the definition of system boundaries and the characteriza-
tion of the process chains. Based thereon, the material and
energy flows are modelled, and the life cycle inventory (LCI)
is created. The prospective environmental and economic
assessments, E-LCA—environmental LCA and LCC—life
cycle costing, respectively, are based on a detailed model-
ling of mass and energy flows, and the corresponding LCI,
including all relevant upstream as well as downstream pro-
cess chains. Depending on the respective social indicator,
the social assessment is not necessarily related to the LCI. It
is based on surveys or interviews, additional databases and
statistics as well as models. A full list of the ES2050 indica-
tor set is given in Table 5 in Appendix 1. For the prospec-
tive assessment, a consistent assessment framework using
harmonized system boundaries as well as assumptions con-
cerning economic, environmental and social input data is
applied. Also, a consistent background scenario concerning
present and future energy production mix is used. Within
the following subsections, methods and indicators for envi-
ronmental, economic and social assessment are described.
Additionally, the MCDA method for the integrative consid-
eration of environmental, economic and social indicators is
introduced briefly.

Environmental assessment

The environmental assessment is conducted following the
methodology for LCA according to the international stand-
ards ISO 14040 and ISO 14044. For preparing the LCI, the
upstream and downstream processes, €.g. raw materials
supply, provision of operating materials, and infrastructure,
waste and wastewater disposal, and product use are included
via the open source software openLCA (GreenDelta 2018)
together with datasets from the commercial ecoinvent data-
base v3.3 (cut-off-system model) (Swiss Centre for Live
Cycle Inventories 2016). Likewise, the reference processes
(production and use of ICEV with fossil gasoline) are mod-
elled using ecoinvent datasets. As far as possible, specific
datasets for Germany (DE) are used. If no datasets are avail-
able for Germany, datasets for Switzerland (CH), Europe
(RER) or worldwide datasets (GLO) are used. For life cycle
impact assessment (LCIA), 13 environmental impact cat-
egories and corresponding indicators are applied at midpoint
as recommended in the ILCD Handbook of the European
Commission (EC-JRC 2011). The methods are provided by
GreenDelta (LCIA methods v2, ILCD 2011, midpoint).

Economic assessment

For the economic assessment, the method for LCC is chosen.
As economic indicator, total costs (TC) are estimated. In our

assessment, TC comprise capital expenditures (CAPEX) and
operating expenditures (OPEX). End-of-life costs are not
included. In this example, capital costs refer to levelized
costs of car acquisition without VAT, and operating costs
refer to consumables (fuel supply costs) and other operat-
ing costs (maintenance and repairs, insurance). Fuel supply
costs comprise production costs of fuel as well as costs for
transport, storage, service stations and charging stations,
respectively. Taxes are excluded from fuel cost calculations.

Social assessment

For prosper and sustainable communities, local investments,
employment and economic growth are necessary. From the
ES2050 indicator set, domestic value-added is chosen as an
indicator for social assessment. The calculation of this indi-
cator is based on methods, data and results from the above
introduced economic assessment. If necessary, cost compo-
nents are further specified. At a sufficient level of detail, cost
components are divided by percentages into three categories:
domestic value-added, potential domestic value-added and
non-domestic value-added. For prospective assessments,
estimated prospective costs together with estimated pro-
spective percentages can be used for the estimation of the
prospective domestic value-added. For further information
regarding this approach, refer to Harzendorf et al. (2021).

Multi-criteria decision analysis

For an integrative assessment of all chosen indicators (see
Table 5 in Appendix 1) normalization, aggregation and
weighting of indicators is conducted. These calculations are
performed in the MS Excel-based tool described in Haase
et al. 2020, which is adjusted accordingly. In this paper, the
MCDA method TOPSIS (cf. Hwang and Yoon 1981; Lai
et al. 1994; Garcifa-Cascales and Lamata 2012), belonging
to the compensating MCDA methods, is used. TOPSIS is
one of the most widely used multi-attribute decision making
(MADM) methods for cases when information on attrib-
utes is available on a cardinal scale. Its logic is rational and
understandable, and the computation processes are straight-
forward. Also, TOPSIS requires a limited subjective input
compared to other approaches. TOPSIS starts with the nor-
malization and weighting of the input data. With the normal-
ized and weighted input data, the different alternatives can
be interpreted as points depending on the chosen criteria,
i.e. indicators. TOPSIS chooses the best alternative based on
the shortest and farthest Euclidean distances from the posi-
tive ideal solution and the negative ideal solution, respec-
tively. To determine the so-called performance value of an
alternative, the named distances are determined and related
to each other (cf. Hwang and Yoon 1981; Garcia-Cascales
and Lamata 2012). The higher the performance value is, the
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more favourable is the discussed option. For aggregation of
indicator results, two different procedures are examined and
compared (weighting factors for both procedures are given
in Table 5 in Appendix 1):

— “two-step equal weighting”: In a first step (I), 13 envi-
ronmental indicators are aggregated to one environmen-
tal indicator, i.e. the environmental performance value
(EPV) is calculated. In a second step (II), three indica-
tors, one for environment, economy and social, respec-
tively, are aggregated and the overall performance value
(PV) is calculated. Aggregation for both steps is done
using TOPSIS and equal weighting of respective indica-
tors (first step: equal weighting of environmental indica-
tors with 1/13 (7.69%) and second step: equal weighting
of sustainability dimensions with 1/3 (33.33%));

— “hierarchical equal weighting”: All 15 indicators are
aggregated in one step using TOPSIS for the calculation
of the overall performance value PV with sustainability
dimensions being weighted equally (33.33% each) and
environmental indicators proportionally with 0.33/13
(2.6%). In this way, the individual environmental indi-
cators are given greater significance for the calculation of
PV. Not in terms of weighting, but through the inclusion
of the individual results for calculating PVs. As there is
a shift of the points of the positive ideal solution and the
negative ideal solution, this leads to different distances
of the alternatives to these points and consequently might
change ranking of alternatives.

Consistent assessment framework

In this section, information on background scenario, system
boundaries and technical characteristics are given for the
considered alternatives.

Background scenario

For the prospective sustainability assessment, data from the
Helmholtz Alliance ENERGY-TRANS, scenario “Target”,
are used as a consistent background scenario regarding, for
example, future energy production mix (including technol-
ogy shares) as well as (energy) price projections (Pregger
et al. 2020). By using this consistent scenario, we deliber-
ately accept losses in terms of the timeliness of the data. In
our case, this is particularly evident in the composition of
the electricity mix to charge battery electric vehicles for the
year 2050. In order to take this into account, for environmen-
tal assessment, modelling of the German electricity mix to
charge the BEV in 2050 (foreground system) is addition-
ally based on a more recent study including the in spring
2021 legislated climate-neutral energy supply in Germany
by the year 2045 (Stolten et al. 2021) (see Appendix 2).
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Additionally, estimations of CO, prices for fossil gasoline
are considered for 2050 based on Kemmler et al. (2020) as
a consequence of the German Fuel Emissions Trading Act
(Brennstoffemissionshandelsgesetz—BEHG) which estab-
lishes an Emission Trading System in the sectors heating
and transport, starting in 2021 (BMU 2019).

System boundary

For the assessment of different drive technologies and fuels,
“vehicle production”, “fuel supply” and “vehicle use” are
included (cf. Figure 2). The system boundary includes all
related production processes, provision of raw and operat-
ing materials, machinery and infrastructure, i.e. all related
resource consumptions and emissions along the value chain.
For this assessment, “vehicle production” is subdivided into
production of vehicle body (glider), drivetrain and energy
storage. “Fuel supply” includes fuel production as well as
transport of fuels to service stations and service/charging
stations, respectively. “Vehicle use” includes consumption
of fuels, materials, services and infrastructure. End-of-life
phase, in particular recycling potentials, is currently not
included as there are only limited data available for the ana-
lysed technologies (fuel cells and batteries) and the corre-
sponding indicators. In Fig. 2, the considered vehicle types,
drivetrains, corresponding energy storage and fuel types are
displayed. In total, five different alternatives are considered:
(1) ICEV with low sulphur gasoline (ICEV-fossil), (2) ICEV
with synthetic biofuel from straw (ICEV-straw), (3) BEV
with electricity from wind power (BEV-wind), (4) BEV with
electricity from production mix Germany (BEV-mix_DE)
and (5) FCEV with hydrogen from wind power (FCEV-
wind). If not stated otherwise, vehicle use as well as fuel
supply and vehicle production is assumed to be in Germany.
The reference year for prospective assessment is 2050, and
base year is 2020. In this study, a total of four renewable and
one conventional fuel alternatives are considered. For a bet-
ter comparability of BEV and FCEV, electricity and H, from
wind power only are assumed. It has to be noted that other
renewable fuels, e.g. PV power only to fuel BEVs, will also
be relevant in the future though. The same applies to other
renewable fuels for ICEV.

Technical characterization

In Table 1, technical characteristics of 100 kW ICEV, BEV
and FCEV are given as a basis for modelling. Car weight
and fuel consumption of ICEV and BEV are adopted from
existing car types (ADAC 2021a, ADAC 2021b). For FCEV,
technical details are inspired by ADAC (2021c¢) and fuel con-
sumption refers to Robinius (2015) and Grube et al. (2021).
For all considered cars, a lifetime of 18 years (Statista
2021c) and an annual mileage of 15,000 km (ADAC 2021a)
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Vehicle Production Vehicle
Supply Use

Vehicle

Fuel production +

type Vehicle body Drivetrain Energy storage transport, service ~ Fuels, materials,
stations/charging infrastructure, services
stations
Gasoline
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Fig.2 Characterization of considered alternatives
Table 1 Technical characterization of considered vehicles in 2050
Vehicle Type Power Vehicle weight Fuel consumption Source Battery
without battery - -
Type Density Weight
kW kg Wh/kg kg
ICEV 100 1315 6 1/100 km ADAC (2021a) n.a n.a n.a
BEV 1376 16 kWh/100 km ADAC (2021b) LFP 180 199
(NCM) (150) (239)
FCEV 1582 0.58 kg H,/100 km Grube et al. (2021), LFP 180 8
(1823) (0.76) Robinius (2015) (52) (26)

Values in parentheses refer to the differing values for the base year 2020

NCM lithium nickel cobalt manganese oxide, LFP lithium iron phosphate, ICEV internal combustion engine vehicle, BEV battery electric vehi-

cle, FCEV fuel cell electric vehicle

is assumed, resulting in a total lifetime of 270,000 km. To
consider uncertainties related to car lifetime, this parameter
is varied within sensitivity analyses. Battery capacities are
assumed with 35.8 kWh for the BEV (ADAC 2021b) and
with 1.4 kWh for the FCEV (Benitez et al. 2021). For bat-
tery chemistry, NCM 622 (lithium nickel cobalt manganese
oxide) is considered for the BEV in 2020, LFP (lithium iron
phosphate) is assumed for BEV in 2050 with energy densi-
ties of 150 and 180 Wh/kg, respectively, resulting in battery
weights of 239 and 199 kg. For FCEV, LFP battery chem-
istry is assumed for 2020 and 2050 with energy densities of
52 and 180 Wh/kg resulting in 26 and 8 kg battery weight,
respectively, which represents a rather conservative assump-
tion. NCM battery density refers to Ding et al. (2019). LFP
battery energy density on pack level for 2020 is derived from
Peters and Weil 2018 and for 2050 from theoretical values
on cell level reported in Xue et al. (2017) and assumed
losses on pack level of 10% (Yang et al. 2021). Nowadays,
NCM chemistries are used, wherein the shares of cobalt and

manganese are minimized due to criticality, social aspects
and cost doubts. LFP, despite its lower energy density, offers
significant advantages in these regards.

Modelling of vehicle production, fuel supply
and vehicle use

In this section, a brief overview on the modelling of vehicle
production, fuel supply and vehicle use from the environ-
mental, economic and domestic value-added perspective is
given.

Input data and modelling for environmental assessment

Modelling of vehicle use is based on transport processes
from the ecoinvent database. For reasons of comparability
and harmonization with technical data of considered vehicles
(see Table 1), adjustments of ecoinvent datasets are made
regarding, for example, fuel consumption, vehicle weights,
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tyre wear, road wear emissions and vehicle maintenance
(for all vehicles in analogy to the ICEV), provider for roads
(Swiss provider only) and vehicle lifetime (270,000 km,
explanation see above). For sensitivity analyses, vehicle life-
time is varied (220,000 km and 150,000 km). For all three
types of vehicles, adjustments are made regarding the elec-
tricity mix for glider production (German electricity produc-
tion mix). Modelling of the German electricity production
mix as part of the background system is based on Pregger
et al. (2020) for 2050 and on AGEB (2021) for 2020 (see
Table 6 in Appendix). Electricity transmission and voltage
transformation are modelled in analogy to the dataset market
for electricity, low voltage. Specific aspects of modelling
are given for each vehicle type in the following subsections.
No modelling of end-of-life phase has been conducted. Pro-
cesses for recycling and deconstruction are only considered
if included in the respective ecoinvent datasets.

Internal combustion engine vehicle (ICEV) For the ICEYV,
the dataset transport, passenger car, small size, petrol,
EURO 5 is adjusted with respect to car weight, fuel con-
sumption and direct emissions. Fossil gasoline production
and supply refers to the dataset market for petrol, low sul-
phur (97% Europe without Switzerland, 3% Switzerland).
Modelling of synthetic biofuel production from straw is
based on Haase and Rosch (2019). Transport, storage and
infrastructure for regional distribution of synthetic biofuel
are modelled in analogy to fossil gasoline.

Battery electric vehicle (BEV) For the BEV, the dataset trans-
port, passenger car and electric is adjusted with respect to
car weight, battery pack (weight and provider) and electric-
ity (consumption and provision). For electricity production
from wind power, the dataset electricity production, wind,
1-3 MW turbine, onshore is used. Electricity transmission
and voltage transformation are modelled in analogy to the
dataset market for electricity, low voltage. The German elec-
tricity production mix as part of the foreground system, i.e.
to charge battery electric vehicles, is based on Pregger et al.
(2020) for 2050 and on AGEB (2021) for 2020. For sensitiv-
ity analyses, the future electricity production mix based on
Stolten et al. (2021) is used for environmental assessment in
2050 (see Table 6 in Appendix 2). With respect to the bat-
tery, battery weight is adjusted according to Table 1 and the
provider for battery pack production is adjusted. Datasets
for the modelling of the battery packs are based on Mohr
et al. (2020) and are adjusted for battery cell production in
2050 with respect to the German electricity production mix
2050 as part of the background scenario (see above) and
the German heat production dataset (heat and power co-
generation, natural gas, conventional power plant, 100 MW
electrical) while for 2020 Korean electricity mix (dataset
market for electricity, medium voltage) and heat production
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dataset (heat and power co-generation, natural gas, conven-
tional power plant, 100 MW electrical) are used. For pas-
senger car production without battery (dataset passenger
car production, electric, without battery), the ratio glider/
drivetrain is adjusted based on the glider weight and power
of the e-Golf (ADAC 2021b). Modelling of public BEV
charging stations is based on Kabus et al. (2020). Charging
losses are accounted for with 10% in 2020 and with 5% in
2050 for public and private charging, respectively.

Fuel cell electric vehicle (FCEV) Modelling of the FCEV is
based on Benitez et al. (2021) with glider and drivetrain,
i.e. electric motor and additional equipment, from ecoin-
vent and the ratio by weight taken from 2020s Toyota Mirai
(ADAC 2021c). The fuel cell is an updated version of the
model published by Miotti et al. (2017) (optimistic 2030
scenario) and the tank for hydrogen is made from carbon
fibre, which is the cornerstone of the publication from Ben-
itez et al. (2021). The modelling of Li-Ion batteries is based
on Mohr et al. (2020) and in analogy to the BEV, adjusted
for battery cell production in 2050 with the German electric-
ity production mix 2050 as part of the background scenario
(see above) and the German heat production dataset (heat
and power co-generation, natural gas, conventional power
plant, 100 MW electrical) while for 2020 Korean electricity
mix (market for electricity, medium voltage) and heat pro-
duction dataset (heat and power co-generation, natural gas,
conventional power plant, 100 MW electrical) are used. For
the supply of hydrogen, hydrogen production from alkaline
water electrolysis powered by electricity from onshore wind
is chosen to have hydrogen supply with low GHG emis-
sions. Transport and distribution of hydrogen are carried
out with high pressure tube trailers (500 bar) as published in
Waulf et al. (2018).

Input data and modelling for economic assessment

Car acquisition costs are assumed to be equal for all three
vehicle types in 2050 and correspond to acquisition costs
of the ICEV in 2020 (ADAC 2021a) excluding VAT and
car tax. For the FCEV, this is in line with assumptions in
FEV Consulting (2020), where acquisition costs for 2040
are estimated with 22,050 €. For the calculation of levelized
costs, a lifetime of 18 years and an interest rate of 2.5% are
assumed. Insurance costs for ICEV, BEV and FCEV in 2050
are adopted from insurance costs for ICEV in 2020 (ADAC
2021a). Costs for maintenance and repairs for ICEV are
assumed to stay on the level of 2020 (ADAC 2021a). Fol-
lowing Grube et al. (2021), for BEV, costs for maintenance
and repairs in 2050 are assumed to decline by 24% and for
FCEV by 39% compared to 2020 (ADAC 2021b, ADAC
2021c). Fuel costs are divided into production costs of fuel
and costs for transport, storage, service/charging stations,



Multi-criteria decision analysis for prospective sustainability assessment of alternative...

respectively. Starting point for fuel cost estimations for fossil
gasoline is the gasoline price and its composition accord-
ing to MWV (2020). Manufacturing costs of fossil gaso-
line are calculated as average value of product acquisition
costs of the last ten years (46.3 €cent/l). Accordingly, costs
for transport, storage and service stations are calculated as
average value of contribution margin of the last ten years
(14.4 €cent/1). Additionally, costs for fossil CO, emissions
are taken into account with 220 €/t CO, for 2050 (Kemmler
et al. 2020), i.e. 50 €cent/] fossil gasoline for fuel produc-
tion costs. Manufacturing costs for synthetic gasoline from
straw are taken from Haase and Rosch (2019). Costs for
transport, storage and service stations for synthetic gasoline
from straw are assumed to be equal to fossil gasoline. Costs
for 2050 for electricity from wind power and from German
electricity production mix are based on Pregger et al. (2020).
For the year 2020, electricity production costs are based on
BDEW 2021 (Mix DE) and Kost et al. 2018 (wind onshore).
Cost estimations for BEV charging stations are based on
Kabus et al. (2020) and adjusted concerning electricity costs
(electricity from wind power and electricity production mix
DE, respectively) for internal consumption. It is assumed
that 30% of the charging processes for BEVs take place at
public charging stations and that the rest of the charging is
conducted at home. Charging losses are accounted for with
10% in 2020 and with 5% in 2050. Manufacturing costs of
hydrogen as well as costs for hydrogen transport, storage and
service stations are based on Wulf and Zapp (2021). If not
stated differently, all costs are given in €,,,, and inflation
rates are based on Statista (2021d) (Table 2).

Table 2 Input data for economic assessment, year 2050

Input data and modelling for the estimation of domestic
value-added

For the estimation of domestic value-added of the differ-
ent alternatives, for each cost component the percentage of
domestic value-added is estimated. Costs for vehicle use, i.e.
costs for maintenance and repairs as well as costs for insur-
ance, are assumed to be fully domestic. Costs for vehicle
production, i.e. costs for car acquisition, are subdivided into
costs for the glider (around 65% for all vehicle types), and
costs for drivetrain and energy storage (BEV and FCEV)
based on FEV Consulting (2018), Schmidt et al. (2017),
James et al. (2018). For the ICEV, costs for energy storage,
i.e. fuel tank, are included in costs for the glider. For the
BEV, around 20% of the vehicle costs account for the driv-
etrain and around 15% for energy storage (Li-Ion battery) in
2050 (FEV Consulting 2018, Schmidt et al. 2017). For the
FCEYV, around 25% of the costs account for the drivetrain
(including battery) and 10% for energy storage (hydrogen
tank) in 2050 (James et al. 2018).

As a basis for domestic value-added estimation of vehi-
cle production, a market share of 64% of German manu-
facturers with respect to the total number of all passenger
cars registered in Germany is assumed (cf. Kraftfahrtbun-
desamt 2021). Additionally, for the production of glider
and drivetrain, 58% domestic value-added is assumed for
FCEV and ICEV (cf. FEV Consulting 2020) and 53% for
BEV (cf. FEV Consulting 2018). For energy storage of
the FCEV (hydrogen tank), 57% domestic value-added is
assumed for 2050 (cf. FEV Consulting 2020). For energy
storage of the BEV (LFP Li-lon battery), 66% domestic
value-added is calculated for 2050 (Ersoy et al. 2021). In

Vehicle production

Fuel supply

Vehicle use

Vehicle Type Fuel type Car acquisition Fuel production Fuel transport/distri- ~ Maintenance Insurance
bution, margin, stor-  and repairs
age, service/charging
stations
ICEV Gasoline (fossil) 23.210 € 96.3 €cent/l 14.4 €cent/l 797 € 876 €
(46.3)
Synthetic biofuel 120.2 €cent/l
(149.4)
BEV Electricity: wind power €cent/kWh 29.3**  €cent/kWh 368 € 876 €
(6.11) (36.6)* (484) (785)
Electricity: production mix DE 10.2 €cent/kWh  29.3%*  €cent/kWh
(4.91) (36.5)*
FCEV Hydrogen from wind power €/ 2.6 €/ 482 € 876 €
(7.4) kg (5.7 kg (787) (1496)

Values in parentheses refer to the differing values for the base year 2020

**Thereof 10.8 €Cent/kWh for charging
*Thereof 16.8 €Cent/kWh for charging
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Table 3 Input data for social assessment: Percentages of domestic value-added, year 2050

Vehicle production

Fuel supply

Vehicle use

Vehicle Type Fuel type Glider/ Energy storage Fuel Fuel transport, storage, Maintenance and repairs Insurance
Drivetrain produc- service/charging stations
tion
ICEV Gasoline (fossil) 37 n.a 13 100 100
Synthetic biofuel from 66
straw
BEV Electricity from wind 34 66 73 100
power (34)
Electricity from produc- 33
tion mix DE
FCEV Hydrogen from wind 37 36 56 39
power 0) 0) (34)

Values in parentheses refer to the differing values for the base year 2020

Table 3, resulting percentages for domestic value-added for
vehicle production as well as percentages for fuel supply
and vehicle use are given. For production of fossil gasoline,
13% and for manufacturing of synthetic biofuel from straw
66% domestic value-added are assumed for 2050 based on
own calculations. Determining factors for this difference
are assumptions on raw materials supply for the respective
production processes: crude oil is assumed to be imported
(non-domestic value-added) while residual straw for syn-
thetic biofuel production is assumed to be provided domesti-
cally (cf. Haase and Rosch 2019). For manufacturing costs
of fossil gasoline, all costs other than crude oil are assigned
to domestic value-added. Crude oil costs of 40.2 €cent/] are
calculated based on Statista (2021e) as average value of the
years 2011 to 2020. Further information on underlying cost
estimations for domestic value-added estimation of synthetic
biofuel production can be found in Haase and Rosch (2019),
and shares of domestic value-added of main cost items along
the value chain of synthetic biofuel production are given in
Table 7 in Appendix 2. For transport, storage and service
stations, 100% domestic value-added are assumed for fos-
sil gasoline as well as for synthetic biofuel. For electricity
generation, 73% domestic value-added is calculated for elec-
tricity from wind power and 33% is assumed for the German
electricity production mix. For electricity transmission as
well as for BEV charging stations, 100% domestic value-
added is assumed. For hydrogen production, 56% domestic
value-added, for hydrogen transport, 43% domestic value-
added and for hydrogen refuelling stations, 36% domestic
value-added are calculated for 2050. Further information on
underlying cost estimations as a basis for domestic value-
added estimation of hydrogen production and supply can
be found in Wulf and Zapp (2021) and shares of domestic
value-added of main cost items of hydrogen production are
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given in Table 7 in Appendix 2. For vehicle maintenance and
repairs, 100% domestic value-added is assumed.

Results

In this section, indicator results, i.e. results for 13 envi-
ronmental indicators according to ILCD (EC-JRC 2011),
economic (total costs) and social (domestic value-added)
indicators, with respect to 1 km driving distance are given.
Based thereon, the so-called performance values for each
alternative are calculated using the MCDA method TOP-
SIS including all chosen indicators. If not stated differently,
electricity production mix to fuel BEVs is based on Pregger
et al. (2020).

Indicator results

In Table 4, indicator results are summarized for the five dif-
ferent alternatives for the year 2050. Corresponding results
for the base year 2020 are given in Table 8 in Appendix 3.
For environmental indicators, lower values refer to lower
environmental impacts, i.e. better performance from an
environmental point of view of the respective alternative.
The same applies to total costs per km: lower values are
preferable from an economic point of view. For domestic
value-added, higher percentages refer to higher domestic
value-added, which is preferable from a social point of view.
In Table 4, a traffic light-oriented green—yellow-red colour
scheme has been used (with dark green indicating best val-
ues to dark red indicating worst values) for better readability
of the table and to highlight major differences amongst the
assessed alternatives.

Indicator names and respective shortcuts for environmen-
tal indicators refer to the respective environmental impact
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Table 4 Indicator results per km driving distance, year 2050

categories (cf. Table 5 in Appendix 1 and Table 4). For
BEV-mix_DE, results for environmental indicators assum-
ing energy production mix to fuel battery electric vehicles
in 2050 based on Stolten et al. (2021) are given in Table 9
in Appendix 3. Also, results for environmental indicators
assuming a mileage of 150,000 km instead of 270,000 km
are given in Table 9 in Appendix 3 (year 2050). If not stated
differently, all results refer to the estimations for the year
2050.

Under given assumptions, in 2050 ICEV-straw and
BEV-wind exhibit the highest percentages of domestic
value-added. Costs are highest for ICEV-straw and lowest
for FCEV-wind compared to the other alternatives. BEV-
wind exhibits lowest impacts for the environmental indicator
CC—climate change amongst the considered alternatives.
For seven out of 13 environmental indicators, BEV-wind
exhibits the lowest impacts. For three environmental indi-
cators, ICEV-fossil exhibits the lowest impacts (Eutr-fiv—
[freshwater eutrophication and HT-c/HT-nc—human toxicity
carcinogenics/non-carcinogenics). For two environmental
indicators FCEV-wind (Ecotox-fw—freshwater ecotoxic-
ity, RD—Resource depletion—mineral, fossils and renew-
ables) and for one environmental indicator ICEV-straw

) ) ICEV BEV FCEV ICEV BEV
Indicator Unit -straw -Mix_DE -wind -fossil -wind
Electricity
Mix based
on Pregger
et al. 2020
Acid molc H" eq 5.63E-04  5.10E-04
ccC kg COz eq 8.20E-02  8.02E-02
Ecotox-fw CTUe 4.54E+00
Eutr-fw  kgPeq 5.42E-05
HT-c CTUh 1.41E-08 1.56E-08
HT-nc CTUh 9.20£-08 | 9.91E-08 @ 8.78E-08 |NSIS2ET08M .31E-08
IR-hh kBq U235 eq 6.57E-03 | 6.03E-03  7.22E-03
Eutr-mar kg N eq 8.93E-05 1.10E-04  1.00E-04
OD kg CFC-11 eq 3.22E-08
PM kg PM2.5 eq 9.96E-05 1.00E-04
POF kg NMVOC eq 3.90E-04
RD kg Sb eq 2.26E-05
Eutr-ter molc N eq 1.18E-03  1.10E-03
Costs €cent 2.57E+01
Domestic
value- % 6.77E+01
added

(OD—Ozone Depletion) exhibits the lowest impacts. In
Fig. 3, indicator results are displayed as values against ref-
erence (ICEV-fossil) for the year 2050. For an overall assess-
ment, MCDA is used and respective results are shown in the
following subsection.

When comparing indicator results for FCEV-wind and
BEV-wind from this study (year 2050), it can be seen that
in 2050 total costs of the FCEV are slightly lower compared
to the BEV in 2050. This is the result of assuming vehicle
acquisition costs as well as insurance costs for the FCEV
being equal to the BEV in 2050 together with lower fuel
costs per km in 2050 for the FCEV. In contrary, in Bekel and
Pauliuk 2019 total costs of ownership for FCEV are assumed
to be almost twice as high than costs for BEV in 2030 which
they state to be mainly due to the higher purchasing price
and “the consequential higher costs for insurance and tax”.
In line with both, Grube et al. 2021 assume further cost
degression of FCEVs between 2030 and 2050. Given the
high uncertainty of assumptions for the year 2050, sensitiv-
ity analysis can help to describe, for example, the impact of
higher costs of the FCEV on the overall sustainability per-
formance (see Fig. 7C). Comparing the results for environ-
mental assessment, tendencies of Riidisiili et al. 2022 (GHG
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Fig. 3 Indicator results as values against reference (ICEV-fossil), year 2050

emissions only) and Bekel and Pauliuk 2019 (base case) cor-
respond to the results in this paper, i.e. lower impacts of the
BEV-wind compared to the FCEV-wind for the categories
Climate Change and Particulate Matter, higher impacts of
the BEV-wind compared to the FCEV-wind for the category
Human Toxicity—non-cancer. With these results, the find-
ings of Cox et al. 2020 can be further supported that elec-
trification of passenger vehicle powertrains is an effective
way of reducing GHG emissions compared to conventional
ICEVs, without disadvantages in terms of cost.

Results for multi-criteria decision analysis

In this section, performance values, calculated using the
MCDA method TOPSIS, are displayed. If not stated dif-
ferently, results refer to the year 2050 and “two-step equal
weighting” of indicators is applied (see section “Multi-
criteria decision analysis”). For the calculated performance
values, the higher the value, the better from a sustainability
point of view. As a result of the first aggregation step, i.e.
aggregation of environmental indicators equally weighted
with 1/13, i.e. 7.69% each, BEV-wind performs best from
an environmental point of view with an environmental per-
formance value (EPV) of 65%, followed by FCEV-wind
(EPV 63%), ICEV-straw (EPV 59%), BEV-mix_DE (EPV
58%) and ICEV-fossil (EPV 28%). As a result of the second
aggregation step, i.e. aggregation of results for sustainabil-
ity dimensions equally weighted with 1/3, i.e. 33.33% each,
BEV-wind exhibits the highest performance value (PV 95%),
i.e. is the preferable option from a sustainability point of
view, followed by the alternative FCEV-wind (PV 87%), and
the alternatives BEV-mix_DE (PV 74%) and ICEV-straw
(PV 69%) (see Fig. 4A). For the year 2050, overall ranking
is not affected when “hierarchical equal weighting” of all

@ Springer

indicators is applied instead of “two-step equal weighting”
(see Fig. 4C). For 2020, BEV-wind is on rank 1 (86.9%),
followed very closely by ICEV-straw on rank 2 (PV 86.8%).
FCEV-wind performs on the last rank and represents the
negative ideal solution in 2020 (see Fig. 4B). For 2020,
ICEV-fossil (rank 2) changes rank with ICEV-straw (rank
3), i.e. overall ranking is affected when “hierarchical equal
weighting” of all indicators is applied instead of “two-
step equal weighting” (see Fig. 4D). PV results are close
though. Rankings of BEV-mix_DE and FCEV-wind remain
unchanged. When comparing the results for 2020 and 2050,
the biggest difference is for the FCEV-wind (last rank in
2020, second rank in 2050). This reflects the largest changes
in the associated input data of the two years, i.e. underly-
ing most positive developments with respect to technical
developments, associated costs, environmental impacts and
domestic value-added for this technology.

Performance values and resulting rankings are sum-
marized in Table 10 in Appendix 4. To learn more about
the influence of input data and weighting of sustainability
dimensions (environment, economy, social), sensitivity
analyses are carried out.

Sensitivity analysis

In this section, different input data are varied in order to
analyse their influence on the overall result. If not stated
differently, all sensitivity analyses refer to the year 2050,
“two-step equal weighting” of indicators, a vehicle mileage
of 270,000 km and the electricity production mix to charge
BEVs in 2050 based on Pregger et al. (2020).
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Fig.4 Performance values calculated with MCDA method TOPSIS, year 2050 (A), base year 2020 (B), variation of aggregation— ‘hierarchical
equal weighting”, 2050 (C), variation of aggregation—"hierarchical equal weighting”, 2020 (D)

Variation of technical input data

Changing the electricity production mix to fuel BEV-
mix_DE in 2050 (environmental assessment only) to a
more recent German scenario (Stolten et al. 2021) based on
the goal to become climate-neutral by 2045 (see Table 6
in Appendix 2) increases the environmental performance
of the BEV-mix_DE to an EPV of 61% and the overall per-
formance to PV 80% (“two-step equal weighting”). Overall
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S
‘_—>D 70%
> 60%
b}
S 50%
E o
T 30%
a
20%
= =
0%
ICEV-straw  BEV-Mix_DE  FCEV-wind ICEV-fossil BEV-wind

ranking as well as PVs of the other alternatives are not
affected by the variation of the electricity production mix
(see Fig. SA).

If vehicle mileage is decreased to 220,000 km (15 years
lifetime), ICEV-straw (rank 4) performs almost equally with
BEV-mix_DE (rank 3) with a PV of around 73% for both.
A decrease of mileage to 150,000 km (ten years lifetime)
results in [CEV-straw performing best from an environmen-
tal point of view as well as from a sustainability point of
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Fig.5 Performance values calculated with MCDA method TOPSIS, variation of electricity mix (E-LCA only) to charge BEV-mix_DE in 2050

(A), variation of vehicle mileage (150,000 km) (B)
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view with an EPV of 67% and a PV of 72%, followed closely
by BEV-wind with a PV of 70% (see Fig. 5B). Performance
values and resulting rankings are summarized in Table 10
in Appendix 4. BEV-wind ranking first is hardly affected
by the variations summarized in Table 10 in Appendix 4.
Similarly, Maciot and R¢biasz 2018 found that, regardless
of the MCDA method applied (amongst others TOPSIS and
AHP), BEVs obtained the highest ranking when comparing
them to HEVs, PHEVs and ICEVs with conventional fuel.

Weighting of sustainability dimensions

In this section, weighting of sustainability dimensions envi-
ronment, economy, social is varied from 0 to 100% each
while the ratio of the other two dimensions to each other stays
equal (1:1). Figure 6 shows that the alternative BEV-wind
performing best is a robust result with respect to the weight-
ing of sustainability dimensions environment and social.

In case that the dimension economy is weighted with
more than 60%, FCEV-wind performs better than BEV-
wind. Performance values of ICEV-straw are most sensi-
tive with respect to weighting of the dimension environment
and economy, while performance values of BEV-wind and
FCEV-wind remain rather stable for different weights of
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environment and economy. The same applies for BEV-wind
and different weights of economy. Performance values and
resulting ranking of BEV-mix_DE and FCEV-wind are most
sensitive to the weighting of the dimension social. Only if
the dimension social or the dimension economy is weighted
with more than 80%, ICEV-fossil is not in last place.

Variation of economic input data

In this section, total costs per km are varied with+100% and
resulting performance values are given for selected alterna-
tives (ICEV-straw, FCEV-wind, ICEV-fossil). Additionally,
reasonable ranges of respective input values, based on most
sensitive and at the same time most uncertain parameters,
e.g. vehicle lifetime, synthetic biofuel production costs,
hydrogen production costs, acquisition costs of FCEV-wind,
are given (see Appendix 5).

In Fig. 7A, sensitivity analysis for total costs of ICEV-
straw are displayed. Only if total costs of ICEV-straw decrease
by 30%, this alternative becomes the most preferable one from
a sustainability point of view. With a decrease of at least 10%,
it ranks, however, slightly better than BEV-mix_DE. If syn-
thetic biofuel production costs as one of the most uncertain
parameters for prospective cost assessment of this alternative
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@
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Fig. 6 Sensitivity analysis of performance values for weighting of environment (A), economy (B) and social (C)
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Fig. 7 Sensitivity analysis of performance values for the variation of total costs of ICEV-straw (A), FCEV-wind (B), ICEV-fossil (C)

would decrease by 50%, total costs would decrease by 14%.
Vice versa, an increase of synthetic biofuel production costs
of 50% would lead to 14% increase in total costs. A decrease
of 30% of vehicle lifetime leads to an increase in total costs of
11%. Only if total costs of ICEV-straw increase by 60%, this
option falls to the last rank and is thus the worst option from
a sustainability point of view amongst considered alternatives
(see Fig. 7A). From these findings, it can be stated that ICEV-
straw can keep up with the other alternatives in 2050, but it is
difficult for this alternative to achieve first rank.

Figure 7B shows sensitivity analysis for total costs of
FCEV-wind. If total costs of FCEV-wind decrease by at least
10%, this alternative becomes the most preferable one from
a sustainability point of view. If hydrogen production costs
decrease by 50%, total costs decrease by 8%. However, if car
acquisition costs rise by 30%, total costs increase by 12%,
if vehicle lifetime decreases by 30%, total costs increase by
14%, and if hydrogen production costs rise by 50%, total
costs increase by 8%. As all of the mentioned three param-
eters haven been chosen in a rather optimistic way, i.e. rather
low vehicle acquisition costs, low costs of hydrogen produc-
tion, long vehicle lifetime, a decrease of total costs of 10%
is rather unlikely. If total costs increase by more than 30%,

FCEV-wind performs worse than BEV-mix_DE and ICEV-
straw. This could for example be the case if vehicle acquisi-
tion costs and hydrogen production costs turn out to be higher
and vehicle lifetime at the same time shorter than assumed.

Figure 7C shows sensitivity analysis for total costs of
ICEV-fossil. Only if total costs decrease by at least 50%,
this alternative is no longer in last place. With a CO, price
of 55 €/t (0.8 €cent/km), which is the legal limit for 2026,
total costs of ICEV-fossil decrease by around 8%. If crude
oil price in 2050 is assumed to be 50% lower (20 €Cent/l),
total costs decrease by around 5%. A decrease of total costs
of 50% is therefore unlikely. If vehicle lifetime decreases by
30%, total costs increase by 12%. By this, in can be stated
that ICEV-fossil ranking last is a robust result.

Variation of input data for domestic value-added

In Fig. 8, sensitivity analysis for overall domestic value-
added is displayed for BEV-wind and FCEV-wind. If domes-
tic value-added of BEV-wind decreases by 20%, FCEV-wind
performs better than BEV-wind (see Fig. 8A). If battery
production would be fully non-domestic, overall domestic
value-added of BEV-wind would decrease by around 6%,
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Fig. 8 Sensitivity analysis of performance values for the variation of overall domestic value-added of BEV-wind (A) and FCEV-wind (B)

and if drivetrain of BEV-wind would be fully non-domestic,
overall domestic value-added of BEV-wind would decrease
by around 4%. A decrease of overall domestic value-added
of BEV-wind of 20% is therefore unlikely. If battery produc-
tion of BEV-wind would be fully domestic, overall domestic
value-added would increase by around 3% and if drivetrain
of BEV-wind would be fully domestic, overall domestic,
value-added would increase by around 9%.

If overall domestic value-added for FCEV-wind increases
by at least 20%, FCEV-wind performs better than BEV-wind
(see Fig. 8B). If drivetrain of FCEV-wind would be fully
domestic, overall domestic, value-added of FCEV-wind
would increase by 11%. If energy storage (hydrogen tank)
of FCEV-wind would be fully domestic, overall domestic
value-added would increase by 5%. From these results it
seems possible that the FCEV-wind performs at least equal
to BEV-wind. If drivetrain of FCEV-wind would be fully
non-domestic, overall domestic value-added of FCEV-wind
would decrease by 6%, and if energy storage would be fully
non-domestic, overall domestic value-added of FCEV-wind
would decrease by 3%.

Conclusions

In this paper, a prospective sustainability assessment of dif-
ferent drive technologies and fuels for individual motorized
transport, i.e. BEV, FCEV and ICEV fuelled with conven-
tional fuel and with synthetic biofuel, is carried out in the
context of Germany, including economic, environmental and
social indicators. With the help of MCDA, an integrated
consideration of all indicators and an analysis of the influ-
ence of weightings and input data is conducted, thus provid-
ing transparent and structured guidance for decision makers.
The assessment is based on a detailed modelling of mass and
energy flows including the whole life cycle together with
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consistent assumptions on prospective framework condi-
tions, i.e. future energy production mix (including tech-
nology shares) as well as (energy) price projections. The
presented approach is suitable for a comparison of single
drive technologies and fuels and in particular for demon-
strating the use of MCDA for comprehensive sustainability
assessment. Robustness and validity ranges of the results are
shown, using sensitivity analysis. By this, valuable insights
are given to technology developers as well as decision mak-
ers as prospective assessment is afflicted with a high degree
of uncertainty of underlying assumptions. It must be noted
that with the results of this study no predictions about the
optimal vehicle fleet for individual motorized transport in
2050 are neither sought nor possible as no assumptions on,
for example, availability of resources, infrastructures or
usage behaviours in 2050 are included. Also, considerations
on the optimal use of primary (e.g. wind energy, lignocellu-
losic biomass residues) and secondary (electricity, hydrogen,
synthetic biofuel) energy carriers are outside the scope of
this study and would require a systemic view on the entire
(energy) system.

The indicator-based results show different advantages of
the different transport alternatives depending on the respec-
tive indicators. Via aggregation of indicator results using the
MCDA method TOPSIS, chosen alternatives can be com-
pared including all discussed indicators at the same time.
The calculated performance values show that alternative
technologies and fuels perform better in 2050 compared to
ICEV-fossil. Amongst the considered alternatives, BEV-
wind performs best under chosen assumptions and is also
rather reluctant to give up this first rank. The results show
that—under chosen assumptions—FCEV-wind keeps up
well with BEV-wind in 2050. However, many parameters of
the FCEV need to improve to move from last place in 2020
to a competitive alternative in 2050. This becomes clear if
the results for 2050 are contrasted to those calculated for
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2020. Moreover, the extent to which a green hydrogen infra-
structure and driving with hydrogen in individual motorized
transport will play a role in Germany in the future is strongly
dependent on whether the corresponding green hydrogen
infrastructure and distribution networks will be built.

The modelled alternatives provide a solid database for
further analysis concerning, for example, variation of input
data for prospective assessment, inclusion of other renew-
able fuels, such as PV power to fuel BEVs, or assessment
of different vehicle user behaviours, such as predominantly
inner-city usage vs. long-distance travels.

With respect to MCDA, the development of weighting
sets for sustainability criteria involving experts and/or citi-
zens is desirable. With respect to the inclusion of the indica-
tors patent growth and acceptance as additional indicators
for sustainability assessment, further research is required in
terms of, for example, data gathering for the chosen alterna-
tives as well as calculation routines for MCDA.

In conclusion, it can be said that it is important to remain
open to different alternatives to achieve a carbon free energy
transition of the transport sector. FCEVs are facing chal-
lenges concerning fuel station infrastructure while BEVs,
for example, are facing challenges related to charging times,
ranges, and recycling of Li-ion batteries. The latter comes
also true for FCEV tanks and fuel cells. However, both
FCEVs and ICEVs fuelled with synthetic biofuel avoid
e.g. problems with charging times. Within further prospec-
tive sustainability analysis, it is crucial to have a closer look
at underlying assumptions and related uncertainties as well
as system boundaries of respective alternatives. In par-
ticular, end-of-life aspects should be included comprehen-
sively. Also, the context-specific choice of indicators should
undergo a more detailed analysis as this has a major effect on
the overall assessment result. The inclusion of stakeholders,
not only for the weighting of criteria, but also for the choice
of indicators is an important aspect that should be covered
in future studies.

Critical reflection and broader context

MCDA offers the possibility to gather a good overview
of potential sustainability implications by combining fun-
damentally different criteria and to incorporate different
weights to these. However, any MCDA provides only deci-
sion support and does not offer an optimum solution for a
problem. The study on hand aims at comparing different
alternatives for individual motorized transportation in 2050
from a sustainability perspective and to provide orientation
to decision makers. Having this aim in mind, makes it also
important to provide a critical reflection to meet the require-
ments of sustainability related to a path for these technolo-
gies until 2050. In the following a critical reflection towards

(i) a systemic view on use of energy carriers, (ii) end-of-life
considerations and (iii) potential (technology) developments
will be provided to set the results into a broader context.

(1) The development of a diversified and complementary
portfolio of zero carbon technologies is fundamental
to achieve a clean energy transition towards a car-
bon free energy and transport system. Also, the path
towards such a future decarbonized system must be
realized in the most efficient way and as fast as pos-
sible. To do so, it is crucial to use each energy carrier
(e.g. hydrogen, electricity, synthetic biofuel) in a way
where it can unfold its biggest potential to reduce
global warming out of a systemic view. For green
hydrogen this might be its use for ammonia or steel
production. Both synthetic biofuels and green hydro-
gen are also ideally suitable as fuels for ships, planes
and long-distance transportation and not necessarily
as a solution for mass individual transport. Addition-
ally, limited availabilities of biomass (residues) and
green hydrogen need to be considered.

(ii)) Market rollout of new technologies as BEVs and
FCEVs will impact the mining and metals industry.
Primary production and recycling of manufacturing
scraps as well as end-of-life products are important
sources of material that can have a significant impact
in lowering overall environmental impacts (Peters
et al. 2021; Meskers et al. 2019). Establishing effi-
cient recycling routes is crucial for both, BEVs and
FCEVs, and should be considered adequately in
future assessments. For fuel cell and hydrogen tech-
nologies, first ideas have been published by Valente
et al. (2019) as well as for Li-ion batteries by Costa
et al. (2021). However, a consisting modelling of the
end-of-life phase of all considered drive technologies
is not possible yet.

(iii) Technology development for FCEVs and BEVs
is a fast-changing landscape, making it difficult to
provide a robust view into future developments.
Some developments in the field of batteries are, for
example, the use of new Li-based chemistries, solid
electrolytes or new anode types that could lead to
significant cost and emission reductions (Xu and
Reid 2021). In contrast, only limited progress is
expected in the field of ICEV-based technologies.
With respect to synthetic biofuel production, pro-
cess enhancements, in particular with respect to car-
bon efficiencies can be achieved by using hydrogen
feed-in (Hennig and Haase 2021). For FCEVs, the
energy source for hydrogen production as well as the
place of hydrogen production, if necessary hydrogen
imports, will have a major influence on the sustain-
ability performance and should be further assessed.
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Appendix 1: indicators for sustainability

assessment

See Table 5.

Table 5 Environmental, economic and social indicators of the ES2050 approach and related units, weighting factors for “two-step equal weight-
ing” and “hierarchical equal weighting”. Indicators in italics are not considered in this paper

Indicator Unit Weighting factors
(Shortcut)
“Two-step equal “Hierarchical
weighting” equal weight-
ing”
I I
Environmental assessment  Acidification (Acid) Mole H* eq 0.077 0.333  0.026
Climate Change (CC) kg CO, eq 0.077 0.026
Freshwater ecotoxicity (Ecotox-fw) CTUe 0.077 0.026
Eutrophication, aquatic, freshwater (Eutr-fw) kgPeq 0.077 0.026
Human toxicity-carcinogenics (HT-c) CTUh 0.077 0.026
Human toxicity-non-carcinogenics (HT-nc) CTUh 0.077 0.026
ITonizing radiation-human health (IR-hh) kg U235 eq 0.077 0.026
Marine eutrophication (Eutr-mar) kg Neq 0.077 0.026
Ozone depletion (OD) kg CFC-11eq 0.077 0.026
Particulate matter/Respiratory inorganics (PM) kg PM, 5 eq 0.077 0.026
Photochemical ozone formation (POF) kg C,H, eq 0.077 0.026
Resource depletion—mineral fossils and renewables (RD) kg Sb eq 0.077 0.026
Terrestrial eutrophication (Eutr-ter) Mole N eq 0.077 0.026
Economic assessment Total costs (Costs) €000 n.a 0.333  0.333
Social assessment Domestic value-added % n.a 0.333  0.333
Patent growth rate/Innovation potential %
Public Acceptance/Citizen concerns n.a
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Appendix 2: underlying assumptions

for electricity production mix and domestic

value-added

See Tables 6 and 7.

Table 6 German electricity production mix in 2020 and predictions for 2050

Energy Carrier Shares on gross power generation [%] Technology Technology share per energy carrier
2020 2050 2050 2020 2050  Source
(%] [%]
AGEB (2021) Preg- Stolten
geretal. etal.
(2020) (2021)
Hard coal 7.8 1.4 0 Electricity 83.7 22.7  Pregger et al. (2020)
CHP 16.3 77.3
Lignite 16.9 0.0 0 Electricity 95.8 90.0  Pregger et al. (2020)
CHP 42 10.0
Mineral Oil. Diesel 0.8 0.2 0 Electricity 41.5 100.0 Pregger et al. (2020)
CHP 58.5 0.0
Natural Gas 16.9 20.3 0 CHP 89.5 59.6  Pregger et al. (2020)
Electricity CCGT 7.1 353
Electricity 33 5.1
Nuclear 11.8 0 0 Pressure water 78.7 n.a Swiss Centre for Live Cycle Inventories
Boiling water 21.3 n.a 2016
Hydropower 3.4 4.4 1.9 Run of river 84.0 84.0  Swiss Centre for Live Cycle Inventories
Reservoir 16.0 16.0 (2016)
Wind onshore 19.7 24.6 30.7 1-3 MW 100.0 100.0 Own assumption
Wind offshore 5.1 21.5 26.1 1-3 MW 100.0 100.0 Swiss Centre for Live Cycle Inventories
(2016)
Biomass 8.2 12.6 Biogas 579 50.0 Pregger et al. 2020
Wood/solid biomass 42.1 50.0
3.8 Biogas 68.0  Stolten et al. 2021
Wood/solid biomass 320
PV 94 11.6 Open ground 4.4 4.5 Pregger et al. 2020
Rooftop 95.6 95.5
37.56 Open ground 59.1  Stolten et al. 2021
Rooftop 40.9
Geothermal 0 33 0 Deep geothermal 100.0 100.0 Swiss Centre for Live Cycle Inventories

(2016)
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Tale7 Domesic vl addd S g
value chain of synthet'ic biofuel biofuel
and hydrogen production
(alphabetically ordered) Catalysts 0 na
Cooling water, wastewater treat- 100 99
ment, emission reduction, process
water
Diesel fuel 66
Electricity Mix DE 33
Electricity wind onshore n.a 73
Investment Agricultural machinery for biomass provision 0 n.a
Process plants for biomass conversion 42 n.a
Process plants alkaline electrolysis n.a 10
Labour 100
Maintenance and repairs Process plants for biomass conversion 80 n.a
process plants for alkaline electrolysis n.a 10
Natural gas 0 n.a
Overhead 100
Taxes and insurance
Appendix 3: indicator results
See Tables 8 and 9.
Table 8 Indicator results for the base year 2020 and the year 2050
Indicator Unit ICEV-straw BEV-mix_DE FCEV-wind ICEV-fossil BEV-wind
Electricity mix based on
Pregger et al. (2020)
2050 2020 2050 2020 2050 2020 2050 2020 2050 2020
Acid molc H* eq 563E-04 5.84E-04 S5.0E-04 9.50E—04 6.90E-04 1.19E—03 7.00E-04 7.10E—04 4.30E—04 8.30E—04
CcC kg CO, eq 595E-02 4.81E-02 8.20E-02 1.34E-01 8.02E-02 1.20E-01 2.24E-01 2.26E-01 5.68E—02 6.33E—02
Ecotox-fw CTUe 454E400  441E+00 5.39E+00 647E+00 3.78E+00 6.04E+00 4.17E+00 4.19E+00 5.42E+00 6.25E+00
Eutr-fw kgPeq 432E-05 8.24E-06 6.05E-05 1.70E-04 542E-05 1.10E-04 3.19E-05 3.55E-05 5.69E-05 8.13E—05
HT-c CTUh 141E-08  123E-08 161E—08 233E—08 1.56E—08 228E—08 1.14E—08 1.17E-08 1.63E—08 1.82E—08
HT-nc CTUh 9.20E-08  9.22E-08 9.91E-08 148E-07 8.78E-08 1.35E-07 5.32E-08 5.38E—08 9.31E-08 1.28E-07
IR-hh kBqU235eq  657E-03 141E-03 6.03E—03 2.06E-02 7.22E—03 124E—02 1.69E—02 1.74E-02 530E—03 6.73E—03
Eutr-mar kg Neq 1.25E-04 1.27E-04 8.93E-05 1.30E-04 1.10E-04 1.40E—04 1.00E-04 1.00E-04 7.16E—05 8.74E—05
oD kgCFC-11eq  5.07E—09 534E—09 3.70E—08 122E—08 1.93E—08 1.74E-07 3.72E—08 3.73E-08 3.22E—08 6.32E—09
PM kg PM2.5 eq 9.96E—05 1.04E-04 898E-05 1.10E-04 1.00E-04 1.20E-04 1.10E-04 1.10E-04 8.21E-05 1.10E-04
POF kgNMVOCeq 5.39E—04 573E—04 340E-04 840E—04 3.90E-04 5.10E—04 530E—04 5.30E—04 280E—04 7.70E—04
RD kg Sb eq 5.05E-05  5.13E-05 2.26E-05 2.67E-05 1.99E-05 2.68E-05 4.29E-05 4.29E-05 222E-05 2.73E-05
Eutr-ter molc N eq 133E-03  146E—03 9.30E—04 1.12E-03 1.18E—03 148E—-03 1.10E—03 1.10E-03 7.20E—04 8.50E—04
Costs €cent 3.00E+01 3.18E4+01 2.57E+01 2.81E+01 2.39E+01 5.51E+01 2.86E+01 2.56E+01 2.48E+01 2.83E+01
Domestic value-added % 6.92E+01  6.93E+01 6.19E+01 6.03E+01  6.29E+01 3.60E+01 6.77E+01  6.40E+01 6.91E+01 6.65E+01
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Table 9 Indicator results for variation of electricity production mix 2050 (BEV-mix DE) and vehicle lifetime (all alternatives) per km driving

distance

Vehicle lifetime

Electricity production mix in 2050

270,000 km
(Basis)

Electricity mix based
on Stolten et al. (2021)

150,000
km
(Variation)

Electricity mix based
on Pregger et al. (2020)

(Variation) (Basis)
Indicator Unit BEV-mix_DE ICEV-straw BEV-mix_DE FCEV-wind ICEV-fossil BEV-wind
Acid molc H eq 4.80E—-04 7.23E-04 7.50E—-04 1.06E-03 8.60E—-04 6.70E—-04
CC kg CO, eq 6.37E—-02 8.21E-02 1.14E-01 1.17E-01 2.46E—-01 8.88E—02
Ecotox-fw CTUe 5.64E+00 7.41E+00 8.14E+00 6.45E+00 7.04E+00 8.17E+00
Eutr-fw kgPeq 6.22E-05 6.16E—05 9.87E-05 8.96E—05 5.02E-05 9.51E-05
HT-c CTUh 1.66E—-08 2.15E-08 2.63E—-08 2.52E-08 1.88E—-08 2.65E—-08
HT-nc CTUh 9.89E—-08 1.22E-07 1.61E-07 1.46E-07 8.29E—-08 1.55E-07
IR-hh kBq U235 eq 5.99E-03 7.76E-03 7.69E—-03 8.99E-03 1.81E-02 6.96E—-03
Eutr-mar kg Neq 8.04E—05 1.47E-04 1.20E—-04 1.60E—-04 1.30E-04 1.10E-04
OD kg CFC-11 eq 3.34E-08 6.61E—09 6.02E—-08 2.92E-08 3.88E—-08 5.54E-08
PM kg PM2.5 eq 8.87E—05 1.22E-04 1.20E—-04 1.40E—-04 1.30E-04 1.10E-04
POF kg NMVOCeq 3.10E-04 6.39E—-04 4.70E—-04 5.60E—-04 6.30E—-04 4.10E—-04
RD kg Sbeq 2.43E-05 6.97E-05 3.69E-05 3.28E-05 6.21E-05 3.65E-05
Eutr-ter molc N eq 8.00E—-04 1.56E-03 1.27E-03 1.74E-03 1.33E-03 1.06E-03
Costs €cent 2.57E+01 3.69E+01 3.26E+01 3.08E+01 3.55E+01 3.17E+01
Domestic value-added % 6.19E+01 6.32E+01 6.48E+01 5.70E+01 6.18E+01 7.05E+01

Appendix 4: performance values
and resulting rankings

See Table 10.

Table 10 Performance values (PV) and resulting rankings (Rank) for variation of base year, aggregation type, electricity mix to fuel BEV and

vehicle mileage

Year Aggregation Electricity mix Vehicle mileage km ICEV-straw BEV-mix_DE FCEV-wind ICEV-fossii BEV-wind

2020 Hierarchical Pregger et al. (2020) 270,000 PV 0.826 0.771 0.098 0.850 0.876
Rank 3 4 5 2 1

Two-step PV 0.868 0.614 0.000 0.744 0.870
Rank 2 4 5 3 1

2050 Hierarchical Pregger et al. (2020) 270,000 PV 0437 0.561 0.679 0.327 0.736
Rank 4 3 2 5 1

Two-step Pregger et al. (2020) PV 0.689 0.744 0.866 0.131 0.951
Rank 4 3 2 5 1

2050 Two-step Pregger et al. (2020) 150.000 PV 0.718 0.491 0.580 0.130 0.705
Rank 1 4 3 5 2

220,000 PV 0.727 0.734 0.820 0.129 0.949
Rank 4 3 2 5 1

Stolten et al. (2021) 270,000 PV 0.689 0.795 0.865 0.134 0.949
Rank 4 3 2 5 1
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Appendix 5: effect of parameter variations Table 13 Variation of total costs of ICEV-fossil depending on

on total costs selected parameter variations (CO, price, crude oil price, vehicle life-
time)

See Tables 11, 12 and 13. CO, price Crude oil price Vehicle lifetime
Parameter Total Parameter Total Parameter Total

Table 11 Variation of total costs of FCEV-wind depending on

selected parameter variations (hydrogen production costs, vehicle variation CO-StS vari- - variation CO-SIS vari- variation CO-StS vare
lifetime, car acquisition) ation ation ation
- - — — % % % % % %

Hydrogen production Vehicle lifetime Car acquisition

costs - 90% —-9.45 - 50% —4.87 -30 11.59

Param-  Total Param- Total Param- Total costs — 80% -840 —40% —-3.90 —-20 8.61

eter vari- costs eter vari-  costs eter vari- variation - 70% -7.35 - 30% -2.93 -10 3.64

ation variation ation variation ation —60% —~6.30 —20% ~1.96 0 0.00

% % % % % % - 50% -5.25 - 10% —0.98 10 —3.08
—40% —-4.20 0% —0.01 20 —-553

=30 -3 =30 14 10 -30% -315  10% 0.96 30 - 658

—40 -6 —20 8 20 8 -20%  —2.10  20% 1.93

30 -3 - 10 4 30 12 -10%  —1.05  30% 2.90

—20 -3 0 0 40 17 0% 0.00 40% 3.87

- 10 -2 10 -3 50 21 10% 1.05 50% 4.85

0 0 20 - 20% 2.10

10 2 30 -8 30% 315

20 3 40% 4.20

30 > 50% 5.25

40 6

50 8

Appendix 6: effect of parameter variations

Table 12 Variation of .toFal costs of. ICEV—straw depepdlng on on overall domestic value-added
selected parameter variations (synthetic biofuel production costs,

vehicle lifetime)

See Tables 14 and 15.

Synthetic biofuel production costs Vehicle lifetime

Parameter vari-  Total costs vari-  Parameter vari-  Total costs
ation ation ation variation
% % % %

-50 —13.46 - 30% 11.03
—-40 -10.77 - 20% 8.20
-30 —8.08 - 10% 3.57
-20 —5.38 0% 0.00

- 10 —2.69

0 0.00

10 2.69

20 5.38

30 8.08

40 10.77

50 13.46
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Table 14 Variation of overall

. Domestic value-added of battery production Domestic value-added of drivetrain production
domestic value-added of BEV-
wind depending on variations of Parameter variation Overall domestic value- Parameter variation Overall domestic
domestic value-added of battery added variation value-added vari-
production and drivetrain ation
production
% % % %
— 100% -6.15 — 100% —-4.33
- 90% —5.54 - 90% -3.90
- 80% —-4.92 - 80% -347
- 70% —-4.31 - 70% —3.03
- 60% —3.69 - 60% —2.60
- 50% —3.08 - 50% -2.17
—40% — 246 —40% -1.73
-30% - 1.85 - 30% -1.30
- 20% -1.23 - 20% - 0.87
- 10% - 0.62 - 10% - 043
0% 0.00 0% 0.00
10% 0.62 10% 0.43
20% 1.23 20% 0.87
30% 1.85 30% 1.30
40% 2.46 40% 1.73
50% 3.08 50% 2.17
60% 2.60
70% 3.03
80% 3.47
90% 3.90
100% 433
110% 4.77
120% 5.20
130% 5.64
140% 6.07
150% 6.50
160% 6.94
170% 7.37
180% 7.80
190% 8.24
200% 8.67
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Table 15 Variation of overall

domestic value-added of FCEV- (hydrogen tank)

Domestic value-added of energy storage production

Domestic value-added of drivetrain production

wind depending on variations
of domestic value-added of
hydrogen tank and drivetrain

Parameter variation

Overall domestic value-

Parameter variation

added variation

Overall domestic
value-added vari-

production ation
% % % %
— 100% — 642 — 100% —2.80
- 90% —-5.78 - 90% —-252
- 80% -5.14 - 80% -223
- 70% —4.49 - 70% -1.95
- 60% —3.85 - 60% - 1.66
- 50% -321 - 50% - 1.38
—40% —2.57 - 40% - 1.09
- 30% - 193 - 30% —-0.81
- 20% - 1.28 - 20% -0.52
- 10% —0.64 - 10% -0.24
0% 0.00 0% 0.05
10% 0.64 10% 0.33
20% 1.28 20% 0.62
30% 1.93 30% 0.90
40% 2.57 40% 1.18
50% 321 50% 1.47
60% 3.85 60% 1.75
70% 4.49 70% 2.04
80% 5.14 80% 2.32
90% 5.78 90% 2.61
100% 6.42 100% 2.89
110% 7.06 110% 3.18
120% 7.70 120% 3.46
130% 8.35 130% 3.75
140% 8.99 140% 4.03
150% 9.63 150% 4.32
160% 10.27 160% 4.60
170% 1091 170% 4.88
180% 5.17
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