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Abstract

Background: A further increase in renewable energy supply is needed to substitute fossil fuels and combat climate
change. Each energy source and respective technologies have specific techno-economic and environmental char-
acteristics as well as social implications. This paper presents a comprehensive approach for prospective sustainability
assessment of energy technologies developed within the Helmholtz Initiative “Energy System 2050" (ES2050).

Methods: The "ES2050 approach” comprises environmental, economic, and social assessment. It includes established
life cycle based economic and environmental indicators, and social indicators derived from a normative concept of
sustainable development. The elaborated social indicators, i.e. patent growth rate, acceptance, and domestic value
added, address three different socio-technical areas, i.e. innovation (patents), public perception (acceptance), and
public welfare (value added).

Results: The implementation of the “ES2050 approach”is presented exemplarily and different sustainability indicators
and respective results are discussed based on three emerging technologies and corresponding case studies: (1) syn-
thetic biofuels for mobility; (2) hydrogen from wind power for mobility; and (3) batteries for stationary energy storage.
For synthetic biofuel, the environmental advantages over fossil gasoline are most apparent for the impact categories
Climate Change and lonizing Radiation—human health. Domestic value added accounts for 66% for synthetic biofuel
compared to 13% for fossil gasoline. All hydrogen supply options can be considered to become near to economic
competitiveness with fossil fuels in the long term. Survey participants regard Explosion Hazard as the most pressing
concern about hydrogen fuel stations. For Li-ion batteries, the results for patent growth rate indicate that they enter
their maturity phase.

Conclusions: The "ES2050 approach”enables a consistent prospective sustainability assessment of (emerging)
energy technologies, supporting technology developers, decision-makers in politics, industry, and society with know!-
edge for further evaluation, steering, and governance. The approach presented is considered rather a starting point
than a blueprint for the comprehensive assessment of renewable energy technologies though, especially for the sug-
gested social indicators, their significance and their embedding in context scenarios for prospective assessments.

Keywords: Biomass, Energy storage, Hydrogen, Life cycle assessment (LCA), Life cycle costing (LCC), Social indicators,
Sustainability assessment
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goals are consistently pursued [1]. Besides reducing the
energy demand of all technical activities and social ser-
vices, a further increase in renewable energy sources for
energy supply is required to substitute fossil fuels and
combat climate change. The European Green Deal [2]
and the German Energiewende [3] are ambitious socio-
technical tasks that reach far into the future and comprise
many renewable energy sources, such as wind, solar, bio-
mass, and various corresponding technologies, respec-
tively. Each technology has specific techno-economic
and environmental characteristics, leading to different
social implications. From a sustainability perspective,
it is crucial to carry out a comprehensive assessment of
renewable energy technologies, including all dimensions
of sustainability, i.e. economic, environmental and social
aspects, to support political navigation towards a sustain-
able energy system [4]. Besides greenhouse gas emissions,
other environmental aspects are also affected and need to
be considered, such as consuming finite resources and
the release of environmental pollutants [5]. Against this
background, there is a demand for sustainability assess-
ment approaches for technologies, which should meet
this request and at the same time offer easily understand-
able orientation knowledge not only on the environmen-
tal but also on the economic and social implications [6].
For the latter’s assessment and the implementation of
new technologies, the investigation of public perception
and technology acceptance is of increasing importance
[7]. Although there is growing recognition of the sig-
nificance to harmonize and align the methodologies for
prospective sustainability assessment of energy technolo-
gies, no general approach or standard method exists so
far [8—10]. This is mainly due to the multitude and diver-
sity of technologies and their contexts of application and
implementation as well as the multitude of possible cri-
teria and indicators for their evaluation [6, 11]. Another
reason is the complex nature of sustainability, which is
characterized by its generic normative principles, multi-
dimensionality and long-term perspective (across gener-
ations) [12]. To make the broad concept of sustainability
applicable as a guideline for an assessment process, it
needs to be downscaled and adapted to the object of
consideration, the context and the type of questions and
assessment needs [6]. This operationalization step needs
to be accomplished by selecting meaningful sustainability
indicators to carry out prospective assessments [13].

To make a step forward to close this research gap, in
this paper, a comprehensive approach for prospective
and consistent sustainability assessment of energy tech-
nologies is presented, which was developed and applied
within the Helmholtz Initiative “Energy System 2050”
(ES2050) [14]. The developed approach, subsequently
referred to as “ES2050 approach’, is generically applicable,
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i.e., allows for the assessment of different technologies in
a consistent, and future-oriented manner. It comprises
economic and environmental life cycle assessment (LCA)
and corresponding indicators as well as social indicators,
derived from a normative concept of sustainable develop-
ment. A harmonized environmental Life Cycle Assess-
ment (E-LCA)-database as well as harmonized future
framework conditions are used, e.g., projections of future
mobility and energy mixes, projections of future energy
prices, technology-specific progress rates and technol-
ogy-specific assumptions on future efficiencies. In this
paper, the application of the developed approach is pre-
sented for three different emerging technologies and cor-
responding case studies, which were object of research in
the ES2050 project. The chosen case studies cover a wide
variety of different aspects concerning, e.g., level of detail
in modeling, sources of renewable energies, as well tech-
nical concepts:

(1) Synthetic biofuels for mobility
(2) Hydrogen from wind power for mobility
(3) Batteries for stationary energy storage.

All three case studies and related technologies are
important to support the transformation of the energy
system as well as the mobility sector [15, 16] and are
named explicitly in the German Integrated National
Energy and Climate Plan [17] and in the European Green
Deal [2]. They can especially help improving matching
energy demand and energy production from renewable
energy sources, resource efficiency and security of sup-
ply: Solar and wind technologies are characterized by
intermittent generation behavior that has to be mitigated
by stationary energy storage technologies like batteries or
other conversion technologies such as Power-to-Liquid-
or Power-to-Gas-technologies. Stationary batteries can
especially help to cushion load peaks in energy demand,
carry out voltage power control, frequency stabilization
of the power grid, and to avoid additional grid expan-
sion. The production of hydrogen via alkaline water elec-
trolysis is another option to store fluctuating energy from
renewable sources and the application of hydrogen in fuel
cells is a possibility to use this energy for mobility. Solid
biomass stores energy and carbon dioxide in a natural
way and is in line with other technologies an important
resource to compensate fluctuating availabilities of wind
and solar power. Biomass can be converted via pyrolysis,
gasification, and synthesis into so-called advanced biofu-
els as renewable alternative for the transportation sector
[16]. Thus, in this paper, the “ES2050 approach” as well
as methods and indicators used for prospective sustain-
ability assessment are presented and results are shown
and discussed exemplarily for the above mentioned case
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studies. The comprehensive sustainability assessment of
the respective energy technologies using all indicators of
the developed approach will be subject of future research
papers.

State-of-the-art

In the following sub-sections, concepts for sustainable
development (“Concepts for sustainable development”
Section) and methods for sustainability assessment of
energy technologies (“Life cycle based assessment meth-
ods for energy technologies” Section) are presented.
Sustainability concepts, such as the Integrative Concept
of Sustainable Development (ICoS) and the Sustainable
Development Goals (SDGs), and their underlying rules
and targets need to be operationalized for the prospec-
tive assessment of energy technologies. Although these
concepts and frameworks are not structured along differ-
ent pillars or dimensions of sustainability, this could be
achieved, in a first step, by using the so-called triple-bot-
tom line model of sustainability with its environmental,
economic and social dimension and corresponding life
cycle based assessment methods [18, 19].

Concepts for sustainable development

The latest and most relevant political framework of sus-
tainable development are the 17 SDGs with correspond-
ing targets and 230 sustainability indicators defined by
the United Nations [20]. The SDGs of the 2030 Agenda
for Sustainable Development partly build upon the eight
Millennium Development Goals (MDGs) adopted by the
UN in 2000 [21]. They are aiming at an array of issues,
such as slashing poverty, hunger, diseases, gender ine-
quality as well as improving access to fresh water and
sanitation. Each SDG has specific targets to be achieved
until 2030 and corresponding indicators to measure their
achievement. One of these 17 SGDs is to ensure access to
affordable, reliable, sustainable and modern energy for all
(SDG Goal 7). To achieve this goal, targets are e.g. sub-
stantial increase of the share of renewable energy in the
global energy mix and the doubling of the global rate of
improvement in energy efficiency by 2030. Correspond-
ing indicators are e.g. renewable energy share in the total
final energy demand and energy intensity measured in
terms of primary energy and gross domestic product
(GDP). There are a couple of recent works available where
the inclusion of the SDGs for (energy) technology assess-
ment is discussed: e.g., in [22] indicators for sustainabil-
ity assessment of electrolytic hydrogen production are
selected based on the SDGs, comparing the implications
due to the selection based on overall goals and on SDGs
indicators level. In [23] renewable energy sources selec-
tion is carried out according to SDG-linked criteria (SDG
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7) and in [24] the potential of Waste-to-Energy technolo-
gies to support SDG 7 is assessed.

Another well-founded science-based conceptual
approach is the ICoS, developed within the German
Helmholtz Association [25, 26]. ICoS is based on the
Brundtland report [27], the Rio Declaration [28] and the
Agenda 21 [29] and comprises three central goals and
preconditions of sustainable development [30]: Secur-
ing Human Existence, Maintaining Society’s Productive
Potential, and Preserving Society’s Options for Devel-
opment and Action. These goals are specified by 15 sub-
stantial sustainability rules, e.g., protection of human
health, sustainable development of man-made, human,
and knowledge capital, participation in societal decision-
making processes, conservation of social resources, and
ten instrumental rules, necessary to achieve the substan-
tial goals, e.g., society’s ability of self-organization [30].
ICoS has been contextualized and applied to date in dif-
ferent projects and consultancy activities, including, e.g.,
sustainable development of megacities, municipal solid
waste management, and water management in emerging
countries [31-33]. ICoS was also applied for the sustain-
ability assessment of the German energy system, where
the evaluation was carried out based on an integrative
and comprehensive sustainability indicator system (SIS)
aligned with ICoS [30, 34].

The triple bottom line model of sustainability basically
says that for achieving more sustainable futures, environ-
mental, economic as well as social impacts of activities
have to be taken into account [35]. According to Klopffer
[36], any environmental, economic, or social assessment
method has to take into account the respective full life
cycle (raw material extraction, production, use, recycling
or waste disposal) of an activity or product respectively.
The original concept of Life Cycle Assessment (LCA)
only dealt with the environmental component [35]. It was
harmonized through SETAC’s coordination and ISO’s
standardisation activities in the period of 1990-2000.
The first decade of the twenty-first century has shown an
increasing attention to LCA and it was increasingly used
as a tool for supporting policies and performance-based
regulations. In this period, e.g., life cycle-based carbon
footprint standards were established and LCA methods
were elaborated in further detail [35]. LCA subsequently
broadened itself from a merely environmental LCA
(E-LCA) to a more comprehensive Life Cycle Sustain-
ability Assessment (LCSA) including Life Cycle Costing
(LCC) and social LCA (S-LCA) [37].

Life cycle-based assessment methods for energy
technologies

One method for sustainability assessment at the tech-
nology level and starting point for the developed
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“ES2050 approach” is LCSA. LCSA is drawing on the
three pillar or “triple bottom line” model of sustain-
ability (see “Concepts for sustainable development” Sec-
tion) and combines the already existing life cycle-based
approaches for environmental, economic, and social
LCA (E-LCA+LCC+S-LCA) [36-38]. A good overview
of the current status of LCSA give Costa et al. [39] and
Waulf et al. [6]. Both author groups observed an increas-
ing interest in LCSA over the last years with higher pub-
lication numbers and a wider field of authors. Energy
technologies and mobility aspects are an often discussed
topic in LCSA and account for almost half of the avail-
able LCSA case studies [6]. Costa et al. [39] mainly criti-
cize the lack of harmonization in LCSA. In particular,
the variety of impact categories or just indicators with
different quality standards leads to different results
that can hardly be compared [39]. While S-LCA is still
under development, both LCC and E-LCA are widely
recognized and applied procedures for the assessment
of environmental impacts and costs of (emerging) tech-
nologies [40—42]. In [43] prospective LCA is defined as
the future-oriented assessment of (emerging) technolo-
gies in an early phase of development (e.g., experimental
setting or small-scale production) while the technology is
modeled at a future, more developed phase (e.g., large-
scale production). The challenges of assessing emerging
technologies at an early stage using prospective LCA
and how to deal with these challenges is increasingly
discussed in the LCA community [44, 45] [46]. Thone-
mann et al. [47] identify comparability (e.g., with respect
to chosen system boundaries and methodologies for
impact assessment), data (availability, quality, and scal-
ing), and uncertainty as main challenges for conducting
prospective LCAs. Prospective aspects with respect to
LCA-studies refer first of all to assumptions on the future
development of the processes under consideration, i.e.,
associated mass and energy flows and process efficien-
cies, but also to assumptions on future raw materials sup-
ply chains, background processes, e.g., future electricity
and heat mix, transport systems, and industrial process
chains and, therefore, also deals with the large episte-
mological uncertainty about the future to support more
robust future assessments of technologies [48]. Prospec-
tive developments of the technology under consideration
can be included using literature surveys and/or learning
curve models, not only for economic developments but
also for developments with respect to material efficien-
cies and emissions [49]. In addition, future background
scenarios, e.g., on energy and mobility mixes, need to be
defined and used consistently for prospective studies, as
there is evidence of the impacts of these background pro-
cesses, in particular the ones which are based on energy,
and the reference processes [49].
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Environmental life cycle assessment

Environmental Life Cycle Assessment, which has fast
developed over the past three decades, is now a stand-
ard tool among scientists and widely applied to assess the
environmental impacts of energy technologies (e.g., [50]
[51-53]). Besides, E-LCA is included in the 14000 series
of environmental management standards of the Interna-
tional Organisation for Standardisation (ISO), in particu-
lar in ISO 14040 [54] and ISO 14044 [55]. The life cycle of
a product is modelled as a so-called product system. All
inputs and outputs of the product system are quantified
and summarized within the so-called life cycle inventory
(LCI). The LCI comprises information on resource con-
sumption and emissions for each process step and corre-
sponding upstream and downstream processes along the
value chain and is the basis for the subsequent life cycle
impact assessment (LCIA). For LCIA, a number of estab-
lished methods for environmental impact assessment
exist, amongst others the methods according to CML
[56], ReCiPe [57] and ILCD [58]. These methods include
different sets of environmental impact categories, e.g.,
Acidification, Climate Change, Ecotoxicity, Eutrophica-
tion, Human Toxicity and Resource Depletion, and are
partly using different indicators and different calculation
methods for the same impact category. To build-up an
LCI and to carry out LCIA, different software packages,
e.g., openLCA [59], umberto [60], GaBi [61] are avail-
able which have internal databases, e.g. GaBi database, or
can be used with external LCA-databases, e.g., software
openLCA with database ecoinvent [62]. These databases
include various LCIs for industrial processes and vari-
ous products and can be used to model the background
processes, i.e., upstream and downstream processes, of
the process under consideration. Both, the choice of the
method package/indicator set and E-LCA-database can
have a significant influence on the results. With respect
to prospective assessments, questions of, eg, future raw
materials supply, emission reductions, resource efficien-
cies and/or recycling are of major concern, not only for
the processes under consideration but also for back-
ground processes.

Life cycle costing

The term “Life Cycle Costs” is defined as “total” costs
generated by a system during its service life time not only
from the operator point of view but for all actors in the
product system [63, 64]. If the analysis are carried out
from the users perspective, the term “total costs of own-
ership” (TCO) is commonly used [65]. The method aims
at minimizing total costs and maximizing the yields of
a system and the related activities and processes arising
over its life cycle [63]. According to [63], life cycle costs
can be divided into the three stages “before utilization’,
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“during utilization,” and “after utilization” or three differ-
ent costs types “Capital Expenditures” (CAPEX), “Opera-
tional Expenditures” (OPEX), “End Of Life Expenditures”
(EOLEX) [66, 67]. Starting from material and energy
flows modelled, CAPEX estimations (investment esti-
mations) are typically carried out using empirical values
on purchased costs for main equipment of a specific size
together with scaling factors and percentages for direct
costs, e.g., purchased equipment installation, and indi-
rect costs, e.g., engineering and supervision [68]. Opera-
tional expenditures include, e.g., costs for raw materials,
operating labor, utilities, maintenance and repairs, oper-
ating supplies, taxes and insurance [68]. Economic fea-
sibility of technologies and processes can be assessed
using economic indicators such as manufacturing costs
of products, net present value or payback period of pro-
jects [68, 69]. Prospective LCC provides guidance to
technology developers and policymakers and shows if
and how a technology could be delivered into the mar-
ket. To discount all costs to a common reference point,
levelized costs are commonly used as an indicator [4,
70, 71]. Concerning prospective economic assessments,
amongst others, assumptions on future prices for, e.g.,
raw and operating materials, process efficiencies, per-
sonal demand and/or process automation, as well as on
investor expectations need to be made.

Social life cycle assessment

When compared with E-LCA, the level of development,
application, and harmonization of S-LCA is still in a
preliminary stage, because S-LCA is fragmented and a
general theoretical concept for which empirical data are
widely missing [38, 72, 73]. The S-LCA guidelines from
UNEP [74] are based on six social and socio-economic
impact categories (e.g., human rights, working condi-
tions, health and safety, etc.) with 40 subcategories and
five stakeholder groups (society, worker, consumer,
value chain actors and local community) and on con-
text-dependent inventory indicators. The UNEP guide-
lines [74] do not provide an agreed and standardized
framework for social indicators that reflect and meas-
ure social impacts of technologies and processes along
product life cycles and supply chains. Indicators need
to be explicitly defined for different case studies, which
makes results difficult to be compared. Nevertheless,
the UNEP guidelines are the current landmark in the
field. Indicators for S-LCA are often assessed based on
qualitative information rather than quantitative, given
the nature of the social aspects under assessment. Even
more than for E-LCA and LCC, for S-LCA site-specific
data need to be collected as social impacts are mainly
due to the company’s conduct in a specific geographic
location [72]. Lehmann et al. [75] emphasize the lack of
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data for S-LCA especially of processes still under devel-
opment and conclude that S-LCA studies are only feasi-
ble if companies and institutions involved in the supply
chain of the technologies are known. This is especially
difficult for prospective assessments. As no standardized
and manageable set of social indicators so far exists, the
choice of social indicators in LCSA is challenging. Exist-
ing LCSA studies mainly justify the more or less arbitrary
choice of social indicators with the specific characteris-
tics of the case studies [76, 77]. In some cases, environ-
mental indicators are used as indicators for social issues
(e.g., human toxicity potential as an indicator for “Health
and Safety’, global warming potential for “Intergenera-
tional issues”) [4]. This approach serves the social pillar,
but the set of indicators is ultimately not extended com-
pared to an E-LCA. According to [6, 78, 79], S-LCA must
become a more standardized method before LCSA can
be harmonized.

Methods: development of the “ES2050 approach”

The appropriate selection and assessment of sustainabil-
ity indicators for the evaluation of technologies as part of
the complex energy system and its transition is a grand
challenge since there are many alternatives and criteria
that need to be analyzed and evaluated. The discussion
on LCSA in general and the challenges of the S-LCA
approach, in particular, show that there are good rea-
sons to develop and test other approaches for prospec-
tive sustainability assessment at the technology level.
This applies predominantly to the inclusion of the social
dimension of sustainability for technology assessment.
Additionally, there is a need for a generic approach,
which is applicable for different technologies and which
allows for the prospective and comprehensive technology
assessment using consistent system boundaries, future
framework conditions, indicators and data where pos-
sible and necessary. In this work, we propose and apply
a generic and comprehensive sustainability assessment
approach for prospective technology assessment. Our
approach is addressing three criteria, which we believe
are essential for the selection of sustainability indicators:

(1) contextualization of sustainability and correspond-
ing goals such as the SDGs or the rules of ICoS and
the integration of all three dimensions of sustaina-
ble development (environment, economy, and soci-
ety),

(2) transparent selection of meaningful indicators
based on the availability of methods to analyse the
indicator and of data to measure the indicator,

(3) limitation of selected indicators to a practicable and
manageable number, easy to communicate and to

apply.
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Overview

The “ES2050 approach” consists of the three elements
environmental, economic and social assessment (cf.
Fig. 1). It includes life cycle based economic and envi-
ronmental indicators together with social indicators. In
this paper, social indicators are derived from the Inte-
grative Concept of Sustainable Development (ICoS) and
the corresponding Sustainability Indicator System (SIS)
developed within the Helmholtz Alliance ENERGY-
TRANS (see “Concepts for sustainable development”
Section). The chosen methods and indicators are charac-
terized in “Methods and indicators” Section. It should be
noted that other indicator sets that take into account the
above mentioned three criteria would also be possible.
The “ES2050 approach” allows for the identification of
sustainable energy technologies for the energy transition
systematically and prospectively and can be applied to all
kinds of energy technologies within a specific spatial and
temporal context. This requires, first of all, accurate and
reliable characterization of the respective technologies,
including future assumptions on material and energy
flows as well as efficiencies, supply chains and emission
controls. Also, for the characterization of upstream and
downstream processes, consistent databases are needed.
Additionally, especially for the prospective assess-
ment of different technologies, a consistent assessment
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framework, i.e. harmonized system boundaries as well
as assumptions concerning economic, environmental
and social input data, and a consistent background sce-
nario concerning e.g. energy and mobility mix, is needed.
The case studies as well as the assessment framework are
described in Section "Characterization and modelling of
three case studies".

Methods and indicators

In this section, methods and indicators, used for eco-
nomic (“Economic assessment” Section), environmen-
tal (“Environmental assessment” Section), and social
(“Social assessment” Section) assessment within the
“ES2050 approach’, are characterized. While existing
and established methods are proposed for economic and
environmental assessment, indicators and methods for
social assessment are conceptually elaborated.

Economic assessment
For economic assessment, the method LCC is chosen. As
economic indicator, total costs (TC) are calculated and
discounted to a common reference point i.e. levelized
total costs (LTC) are estimated according to Eq. (1) (cf.
[70]).

Starting point of cost estimations is a detailed
investment estimation (CAPEX, i.e. expenses before
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Fig. 1 “ES2050 approach”for sustainability assessment of energy technologies
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commissioning). Based on mass and energy flows, main
plant components are designed in their size and type and
related investments are estimated using price tables and
manufacturer’s data. Investment for direct and indirect
secondary components are estimated as percentages
from main components (cf. [68]) or secondary literature.
Operating costs—here divided into consumables (raw
materials, utilities, operating supplies) and other oper-
ating costs (labor, maintenance and repairs, taxes and
insurance, overhead)—and revenues for by-products are
estimated based on mass and energy flows together with
price data for current and future years:
[0 + Z:’zl %

C = Q)
M
Z;lzl (1+;)t

with LTC Levelized Total Costs (€/unit), I, capital Expen-
ditures in t=0 less residual value in t=n (€), 0 annual
operating costs (€/a); c: annual costs for consuma-
bles (€/a), r annual revenues (€/a), M annual produced
amount (unit/a), # economic lifetime (a), ¢ year of use
period, i interest rate.

The same LCC approach can be used to analyze two
different economic perspectives: (1) a business economic
perspective where the interest rate is determined in such
a way that a company makes profit. For this perspec-
tive, a range between 7 and 9% is proposed. If desired,
the depreciation period, i.e., economic lifetime, may be
shorter than the technical lifetime of the individual com-
ponents. (2) A macroeconomic perspective where the
interest rate is set between 1.5 and 3.5%. This range of
interest rate only reflects the cost of raising capital on the
financial market. A reference point for that are the inter-
est rates on listed Federal securities for Germany [80].
For this perspective, the depreciation period corresponds
to the technical lifetime of the components. The chosen
ranges for the two perspectives result in bandwidths for
LTC. In both cases, taxes are not considered. Prospective
LCC-specific aspects include learning curves and pro-
gress rates for investment estimations, and price projec-
tions for raw materials and utilities (including, e.g., prices
for crude oil, natural gas and electricity).

Environmental assessment

The environmental evaluation is carried out following
the methodology for LCA according to the international
standards ISO 14040 [54] and ISO 14044 [55]. For pre-
paring the LCI, all upstream and downstream processes,
i.e., raw materials and energy supply, provision of oper-
ating materials and infrastructure (including facility
construction), waste and wastewater disposal (includ-
ing facility deconstruction), as well as product use are
included using the open source software openLCA v1.7
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[59] together with datasets from the ecoinvent database
v3.3 (cutoff-system model) [62]. Likewise, the reference
processes are modelled using ecoinvent data sets. As far
as possible, specific datasets for Germany (DE) are used.
If no data sets are available for Germany, data sets for
Switzerland (CH), Europe (RER) or worldwide data sets
(GLO) are used. The modelling of electricity production
is based on assumptions on gross power generation per
energy carrier and technology shares per energy car-
rier as given in Annex 1. Within our study, we apply 13
environmental impact categories, methods and indica-
tors at midpoint level, as recommended in the ILCD
Handbook of the European Commission (cf. Table 1).
According to [58], indicators and corresponding impact
assessment methods are classified as I: recommended
and satisfactory, II: recommended but in need of some
improvements, I1I: recommended, but to be applied with
caution, Interim: not recommended to use. Impact cat-
egories whose impact assessment methods are classified
as “interim” or “III” are neglected in this study (i.e. ion-
izing radiation, ecosystems; land use; resource depletion,
water). The corresponding impact assessment meth-
ods are used in our study within the software openLCA
[59] and are provided by GreenDelta (LCIA methods
v2, ILCD 2011, midpoint). Prospective E-LCA-specific
aspects include assumptions on future emission controls
of machinery along the value chain of the respective tech-
nology and on the fuel and technology mix of the future
energy and mobility mix.

Social assessment

In contrast to the chosen standardised and established
LCC and E-LCA methods selected to carry out eco-
nomic and environmental assessment, we do not follow
the S-LCA approach to assess the social aspects of energy
technologies. The main reason for this methodologi-
cal change is that critical questions remain to be solved
regarding S-LCA concerning methods, framework, para-
digms, and indicators and a lack of reliable data. There-
fore we are using selected rules of the ICoS (cf. “Concepts
for sustainable development” Section) together with
the SIS, an indicator set based on these rules [30], to
derive reasonable indicators for the social dimension of
our approach. The SIS was developed within the Helm-
holtz Alliance ENERGY-TRANS to monitor the German
energy transition. It consists of 45 indicators in total that
align with the sustainability rules of ICoS [34]. As a start,
we looked at indicators of the SIS aligned to two out of
15 substantial rules of ICoS related to social aspects of
sustainability (cf. Annex 1). Our selection of indicators
from the SIS aligned with these rules is driven by the
preconditions “applicability for technology assessment’,
“avoidance of overlapping with established E-LCA and
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Table 1 Environmental impact categories, indicators and corresponding units for midpoint indicators according to [58]

Impact Category Shortcut Indicator Indicator Unit Comment on cause and effect
chain
Acidification Acid Accumulated Exceedance molc H+eq Acid rain — Impact on Biodi-
versity, Bioproductivity in Soils,
Lakes, Rivers, Oceans
Climate Change CcC Radiative Forcing as Global kg CO2eq Change in Radiative Forcing in
Warming Potential (GWP100) the Atmosphere — Increase in
Temperature on Earth
Ecotoxicity (freshwater) Ecotox-fw  Comparative Toxic Unit for CTUe Emissions of Chemicals — Loss in
Ecosystems Biodiversity
Eutrophication Aquatic, fresh- Eutr-fw Fraction of Nutrients Reaching kg P eq Increased Nutrient Concen-
water Freshwater end Compartment tration in Aquatic Compart-
Aquatic, marine Eutr-mar  Fraction of Nutrients Reaching kg N eq ments — Algal Growth, Change
Marine End Compartment in Species Composition, Oxygen
Depletion — Damage to Aquatic
Ecosystems
Terrestrial Eutr-ter Accumulated Exceedance(AE)  molNeq Deposition of Airborne Emissions
on Land — Damage to Forestry,
Crops, Terrestrial Ecosystems
Human Toxicity Cancer effects HT-c Comparative Toxic Unit for CTUh Food Intake and Direct Exposure
Humans (e.g. Inhalation) to Toxic Sub-
Non-cancer effects HT-nc Comparative Toxic Unit for CTUh stance e Cancer and Diverse
Humans other Diseases
lonizing Radiation, Human IR-hh Human Exposure Efficiency kg U235 eq Radioactive Release — Inhala-
Health Relative to U235 tion, Consumption of Food and
Water — Hereditary and Cancer
Effects
Ozone Depletion oD Ozone Depletion Potential kg CFC-11eq  Increased UV-B Level on the
(ODP) Earth's Surface
Skin Cancer — Negative Effects
on Plant Growth
Particulate Matter/Respiratory PM Intake Fraction for Fine Particles kg PM 2.5 eq Absorption of Particles (< 10 um)
Inorganics (kg PM2.5-eq/kg) through the Airways — Lung
Problems, Cardiovascular
Diseases
Photochemical Ozone Forma- POF Tropospheric Ozone Concen- kg C,H, eq Ozone Pollution through the
tion tration Increase Oxidation of Carbon Monoxide
(CO), Methane (CH4) and Volatile
Hydrocarbons (VOC)
Resource Depletion, Mineral, RD Scarcity kg Sbeq More Effort to Dismantle in the

Fossil and Renewable

Future, e.g. Costs, Supply Risk

Table 2 Chosen ICoS rules [25] and corresponding social
indicators for the ES2050 assessment approach

ICoS Rule Social indicator of the

“ES2050 approach”

10. Sustainable development of man-made,
human and knowledge capital

Patent growth rate
related to a specific
technology

Domestic value added
related to a specific

technology
15. Conservation of social resources Acceptance of a specific

energy technology

LCC indicators’, and “feasibility and practicability of data
availability, collection and analysis” This results in three
indicators for the assessment of the social dimension (see
Table 2). Within the “ES2050 approach’, the chosen three
indicators are further elaborated for the assessment of
(energy) technologies. A short description of the devel-
oped indicators and corresponding methods for data
gathering is given in the sub-sections below.

The elaborated social indicators, i.e., patent growth
rate, domestic value added, and acceptance, address
three different socio-technical areas, i.e., innovation (pat-
ents), public perception (societal acceptance), and public
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welfare (value added). It has to be noted, that changes in
patent growth, societal acceptance, and domestic value
added related to a specific technology have underlying
long-term prerequisites, making them only partly suita-
ble for the derivation of statements concerning the future
using current data.

Number of domestic patents related to a specific technol-
ogy 'The suitability of patents as a proxy for technologi-
cal innovation has been discussed considerably since the
1990s and even before [81]. Within the “ES2050 approach’,
the number of patents, i.e. the respective growth rates
for a defined period of time, are used as an indicator and
country comparisons are carried out, i.e. national/interna-
tional issues for patent applications for specific technolo-
gies, i.e. the role of Germany’s research and development
(R&D) activities in the global context are analyzed. For
patent analysis, the European Patent Office (EPO) data-
base including the Open Patent Service (OPS) is used. The
search queries are carried out for the time period 1995—
2018 using Cooperative Patent Classification (CPC)-
Codes and keywords. For patent search and data analy-
sis, an adopted and freely available python-based patent
database crawler [82] together with a MS Excel template is
used [83]. The template selects the five most active patent-
ing countries in the considered technology field and com-
pares them to Germany. By analyzing the patent activity,
i.e., the sum of patents of a technology in a country over
a period of time, not only the R&D activities of one coun-
try are evaluated concerning its technological and com-
mercial interest [84], but also the R&D activities of other
countries in the same technology field are compared. The
so-called technology potential is characterized by the
growth rate of patents of a technology in % for a defined
time period [85]. A high patent growth rate can indicate a
high innovation potential due to increased research effort
in the area [86]. More details on methods and indicators
for patent analysis can be found in [83]. In contrast to
proposed LCC and E-LCA methods, the patent analysis
on hand represents an ex-post evaluation. Although the
growth rate of patents is analysed based on data from
the past, it can be assumed that the identified relations
between countries and the comparative competitiveness
at the level of technical innovations and trends identified
are meaningful at least for some years in a way to make
feasible statements on future developments. This assump-
tion is based on the fact that changes in patent growth
do not happen suddenly but slowly because patents result
from continuous research work and their elaboration as
well as registration take sufficient time [83].

Acceptance of a specific energy technology The accept-
ance of energy technologies is becoming increasingly
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important for the development and application of energy
technologies [7]. Despite this increasing social relevance,
no holistic technology acceptance indicator exists until
now, enabling a dynamic (technology-independent) and
prospective acceptance measurement of a technology.
Nevertheless, there is evidence that technologies that are
accepted today will also be accepted in the future and vice
versa. This is shown, for example, by the representative
acceptance surveys on the expansion of renewable ener-
gies conducted by the Agency for Renewable Energies
(Agentur fiir Erneuerbare Energien—AEE) for more than
10 years [87]. This is true unless there are new findings or
events over time that lead to a change in the assessment of
the benefit/burden ratio and the image in media/the pub-
lic and thus the individual perception and acceptance of
the technology. Thus, conclusions about the acceptance of
the technology can already be drawn during technologi-
cal development processes. This makes it possible in an
agile manner to make flexible, user-oriented adjustments
in terms of technology design to achieve higher accept-
ance due to better features and properties of a technol-
ogy. Within our approach, a quantitative and qualitative
survey is conducted focusing on (production) facilities
or parts of the infrastructure of the ES2050 case studies
about which citizens can express their views, expecta-
tions, and fears. Therewith, societal actors are directly
involved for the assessment. To investigate public percep-
tion, an online survey is conducted based on the meth-
odological background of [88] and [89]. After a short
description of the respective technology, the participants
are asked to express their concerns regarding this technol-
ogy. Nine different types of concerns were put to choice,
including an open field for further concerns. Furthermore,
socio-demographic data is collected regarding gender,
residence, income, activity, age, and education. The freely
available online platform SoSci-Survey is used for con-
ducting the survey. For the improvement of the question-
naire, a cognitive pre-test with five persons and a standard
pre-test with ten persons was carried out. A more detailed
description of the approach can be found in [90]. In the
first survey, 211 valid responses were obtained in total
by social networks to carry out first statistical tests. The
second survey was distributed among 10,000 persons by
the online platform of SoSci-Survey [91], of which 1,032
responded. Out of this entirety, approximately one third
referred to each of the three technologies [90, 92].

Domestic value added related to a specific technology The
pre-condition for a future higher share of domestic value
added-creation is the availability of infrastructure and
natural, human and capital resources as well as technol-
ogy acceptance. In the “ES2050 approach’, for the assess-
ment of the fraction of domestic value added as a proxy
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for job creation, a streamlined approach is implemented,
modelling solely direct effects of locally invested money
[93]. This is based on the premise that local investment
most likely also creates or secures local jobs. In contrast,
components purchased globally are not considered to
contribute to further job growth in the assessed coun-
try or region [93]. This indicator aims to give a qualita-
tive indication regarding whether the energy technology
might have a positive effect on job development com-
pared to a conventional technology [94]. For the imple-
mentation of the indicator, the data basis of the economic
assessment is used: Each cost component, i.e., investment
as well as operation and maintenance costs, is further
specified: e.g., raw material costs are sub-divided to costs
for raw materials provision and costs for raw materials
transport. Costs for raw materials transport are in turn
specified to costs for machinery (e.g., trucks), operating
materials (e.g., fuel), and personnel (e.g., truck driver). At
a sufficient level of detail, costs are divided by percentages
into three categories: domestic value added, potential
domestic value added, non-domestic value added. Based
on shares for cost components, shares for domestic value
added, potential domestic value added, and non-domestic
value added can be calculated for total costs. For prospec-
tive assessments, estimated future costs and estimated
prospective shares can be used for the estimation of the
prospective domestic value added as a percentage of total
costs, and assumptions can be made with respect to the
expected future domestic job creation potential of the
respective technology.

Characterization and modelling of three case studies

Within the subsequent sections, the uniform system
boundaries for E-LCA and LCC (“Consistent assessment
framework” Section), the case study “Synthetic biofuels
for mobility” (“Case study: synthetic biofuels for mobil-
ity” Section), the case study “Hydrogen from wind power
for mobility” (“Case study: hydrogen from wind power
for mobility” Section), and the case study “Batteries for
stationary energy storage” (“Case study: batteries for sta-
tionary energy storage” Section) are characterized. The
chosen case studies demonstrate the applicability of the
developed “ES2050 approach” independent from the
respective technology, as they cover, e.g., different types
of renewable energies, conversion technologies, and lev-
els of detail. While the analysis for stationary batteries is
conducted on the material/elementary level, the analy-
sis of hydrogen and biofuel production concentrate on
the plant component level. Furthermore, the case study
on biofuels includes decentral and central production
networks, while for hydrogen production, different dis-
tribution networks are included. It has to be noted that
the chosen case studies, i.e., technologies examined, are
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not regarded in competition with one another, but are
assumed to complement one another in a future energy
system.

Consistent assessment framework

The year 2020 is used as the base year for the assess-
ment while the year 2050 is used for future projections
of impacts. For the prospective sustainability assessment
of energy technologies, data from the Helmholtz Alliance
ENERGY-TRANS, scenario “Target’, is used as a consist-
ent framework regarding the future energy and mobil-
ity mix (including technology shares) as well as for price
projections [95], i.e., Germany is used as spatial refer-
ence. For the base year, consistent statistical data is taken
into account for electricity production mix and economic
input data (see Annex 1). If not stated differently, all input
data for environmental assessment, i.e., emission data
from technical processes, is based on the ecoinvent v3.3.
database [62]. In addition, as far as possible and reason-
able, for domestic value added estimations, percentage
values are assumed consistently across case studies (see
Annex 1). For patent analysis, the European Patent Office
(EPO) database including the Open Patent Service (OPS)
is used. Beyond that, future improvement potentials of
the investigated technologies are considered, for exam-
ple, improvement of energy and resource efficiencies,
closed-loop flows (recycling), and management of waste
flows using literature data, i.e., learning curves and pro-
gress rates where possible and applicable. Technology-
specific (prospective) aspects are given in “Case study:
synthetic biofuels for mobility’, “Case study: hydrogen
from wind power for mobility’, “Case study: batteries for
stationary energy storage” Sections.

Besides a consistent assessment framework, consistent
system boundaries are defined for the different case stud-
ies. In Fig. 2, the system boundary for E-LCA and LCC
of the three case studies is displayed including the provi-
sion of raw materials, the technology itself and the prod-
uct use. For the estimation of, e.g.,. fuel production costs
or the assessment of emissions related to fuel production
excluding the usage in passenger cars, the system bound-
ary is drawn after the production of the energy carriers
(process step “Technology” in Fig. 2). For both, the pro-
vision of operating materials, infrastructure as well as
processes for disposal, recycling and deconstruction are
considered. As a result, we balance the resources and
emissions along the whole value chain, i.e. the product
life cycle.

As mentioned above, it is not possible to strictly fol-
low a life cycle approach for the social indicators. While
we follow the system boundaries of the LCC approach
for the indicator “domestic value added’, we determine
and consider only distinct parts of the (conversion)
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Fig. 2 System boundary for E-LCA and LCC of the three case studies

technologies for the indicator “patent growth rate” (see
“Results of the case studies assessment with the “ES2050
approach” Section). For the indicator “acceptance’, we
queried citizen concerns regarding the corresponding
industrial production facilities of the new technologies or
parts of the related infrastructure.

Case study: synthetic biofuels for mobility

Solid biomass stores energy and carbon dioxide naturally
and is an important resource to compensate fluctuat-
ing availability of wind and solar power [96]. So-called
second generation biofuels are regarded as a promis-
ing renewable alternative to obtain liquid fuels for the
transport sector as they do not compete with food and
fodder production and at the same time bear a high
potential for greenhouse gas emission reductions [16,
97, 98]. This case study focuses on the industrial scale
thermochemical conversion of lignocellulosic biomass,
i.e., residual cereal straw and residual forest wood, into
fuel, electricity, and heat (bioliq® process chain). The
considered process chain includes the provision of raw
materials, the decentralized biomass conversion (chip-
ping, drying, pyrolysis), the transport of the intermedi-
ate product (biosyncrude) to the centralized conversion

steps (gasification, gas treatment, fuel synthesis, CHP),
the feeding of electricity into the grid and the use of the
gasoline in a passenger car (cf. Figure 3). All process
steps of Fig. 3 are assumed to be located in Germany. It
is assumed that straw is available on the fields in access,
i.e., process steps for straw gathering and transport are
considered, while process steps for cereal cultivation and
harvest are neglected. Straw is assumed to be collected
around 11 pyrolysis plants (100 MW each) within a radius
of 30 km and to be transported to the plants via tractor
and trailer. The biosyncrude is assumed to be transported
over a distance of 250 km by rail to the central produc-
tion site (1000 MW gasifier). Fuel and electricity are
obtained as products, while heat is entirely used inter-
nally. For fuel use, a large passenger car is assumed for
the base case [99, 100]. As reference processes, the pro-
duction of conventional gasoline and its use in a passen-
ger car and electricity production via German electricity
production mix are considered. More detailed case study
characteristics, including process parameters as well as
mass and energy flows of the biomass conversion steps
are summarized in [99] and [100]. For more informa-
tion on the bioliq process developed at KIT cf. [98] and
on residual straw potentials and transport cf. [101, 102],
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Fig. 3 Case study "Synthetic biofuels for mobility”, icons from [110]
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and [103]. For prospective assessment, higher efficiencies
for CHP process for electricity generation are assumed
(53% in 2020, 67% in 2050). Based on [104], efficiency
enhancements of agricultural machinery using a progress
rate of 0.94 based on [104] are assumed for 2050, lead-
ing to lower emissions for biomass provision (emissions
are reduced by 6% each time the cumulative production
is doubled). For rail transport it is assumed that all die-
sel engines are equipped with particle filters in 2050. For
prospective economic assessment of synthetic biofuel
production, higher wholesale electricity prices and rising
natural gas prices according to [95] and a progress rate
for investment estimations of 0.95 based on [105] are
assumed. Costs for biomass provision and slurry trans-
port are based on own estimations based on [106] and on
[107]. In this paper, no progress rates for biomass provi-
sion and slurry transport costs are assumed. Prospective
manufacturing costs of fossil gasoline are calculated as
average value of product acquisition costs of fossil gaso-
line of the last ten years according to [108]. When the
use phase is included, i.e. for mobility cost estimations,
prospective costs for fuel transport, storage and service
stations are calculated as average value of contribution
margin of fossil gasoline of the last ten years [108]. Car
acquisition and operating costs are based on ADAC [109]
and are assumed equal for 2020 and 2050 in this paper.

Case study: hydrogen from wind power for mobility

Hydrogen from wind power can be used to help elec-
trifying different sectors mainly to defossilize them, e.g.
steel production [111]. Furthermore, hydrogen produc-
tion can be used for balancing out electricity generation
from variable renewable energy sources [112]. Hydrogen
for mobility applications and other sectors has a chance
to be climate friendly only when produced from renew-
able energy sources [113]. In addition to the potential
reduction of greenhouse gases, fuel cell electric vehicles
(FCEV) emit only water at the point of use and therefore
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help fighting high emission levels in cities, e.g. particu-
late matter or nitrogen oxides. Within ES2050, a case
study for Germany is discussed with wind power as an
appropriate renewable energy source [93]. The generated
electricity is used in an alkaline water electrolyzer [114].
Afterwards, it is stored and transported over 400 km to
the hydrogen refueling stations to be dispensed to FCEVs
(Fig. 4). The FCEV is comparable to a Toyota Mirai and
has a power of 100 kW. For the future size of the FCEV,
i.e. mass of the glider, powertrain etc., the current Mirai
is downscaled from the current 114 kW to 100 kW. The
future hydrogen consumption of the FCEV is taken from
literature [115]. The source for LCA modelling the fuel
cell [116] includes not only a model for a current model,
but also two models for future fuel cells. The optimis-
tic model for the future fuel cell was chosen for 2050
here. Modelling of the FCEV is mainly based on [117].
The increase of energy density for the included bat-
tery is based on expert elicitation [118]. For the costs of
the FCEV it was assumed, based on literature [119], that
FCEVs will reach the same level of costs as conventional
internal combustion engine vehicles.

A passenger car is chosen as a use case to investigate
green hydrogen, although the supplied hydrogen could
also be used in public buses or light duty vehicles. For
transport and distribution of hydrogen, different technol-
ogies are available. Currently, the most common trans-
port methods are gaseous hydrogen in high-pressure
tanks and liquid hydrogen in cryogenic tanks by truck.
Alternatively, hydrogen storage and transport in liquid
organic hydrogen carriers (LOHCs) by truck is consid-
ered. The fourth alternative analyzed is the construction
of a new hydrogen pipeline network in Germany. To be
not susceptible to wind power fluctuations, the hydrogen
needs to be stored, if necessary, for months. Therefore,
for gaseous hydrogen seasonal storage in salt caverns is
taken into account. Liquid hydrogen, as well as hydro-
gen in LOHCs, can be stored in appropriate tanks. The

Alkaline Water
Electrolysis

Wind Power
(onshore)

T i1

Fuel Cell
Electric Vehicle

ouiry)

Pipeline

G

Fig. 4 Case study "Hydrogen from wind power for mobility”, icons from [110]
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Fig. 5 Case study “Batteries for stationary energy storage’, icons from [110]

most important technical parameters are summarized in
[93]. To consider the prospectivity of the hydrogen sup-
ply chains, the efficiency of the hydrogen production by
electrolysis is increased based on expert elicitation [120]
together with the life time of the electrolyzer stacks. The
future cost for alkaline electrolyzers are taken from lit-
erature [121], discussing current and future costs and
upscaling hydrogen production sites. Future costs for
electricity including the electricity from wind power are
taken from the already mentioned background scenario
ENERGY-TRANS [95]. This scenario was also used to
perform the economies of scale for the hydrogen refu-
eling stations. Based on the future FCEV mobility, the
number of hydrogen refueling stations was calculated.
In addition, it was assumed that the number of hydro-
gen refueling stations on a global level rises accordingly.
As hydrogen refueling stations are traded on the global
market, these numbers were used for deriving future
investment costs. Regarding hydrogen transport, higher
efficiencies for liquefaction and costs were assumed
based on literature [122]. For the use of the LOHC tech-
nology upscaling was applied based on literature [123] as
well as for the compression of hydrogen for transport in
pipelines and truck trailers [121].

Case study: batteries for stationary energy storage

For efficient and effective use of installed renew-
able energy capacities and to cope with the fluctuat-
ing solar and wind power production, battery storage
technologies are considered. They provide valuable
flexibility to facilitate the system integration of renew-
able energies by, e.g., temporarily avoiding grid expan-
sion investments or congestions in lower voltage level
distribution grids. Stationary batteries can also be
used for ancillary services, e.g., load levelling, voltage
stabilization, and system backup services (see Fig, 5).
There are several application fields for grid connected
batteries where criteria are the same, but priorities

can be different depending on the business case. The
application field frequency and voltage regulation is an
example where only a short storage duration at high
power output is required with high cycle life times. In
contrast, load leveling requires battery storage systems
with longer storage duration where fewer cycles might
be needed. However, batteries have to fulfill simulta-
neously multiple battery performance requirements,
such as high power, high energy, long life, low cost,
excellent safety, and minimal environmental impacts.
Nowadays, no battery can meet all of these goals. Mak-
ing the right decision on a proper battery system for
a particular application is often a compromise. The
analyses in this paper focus on different Lithium Ion
batteries [124, 125]. These technologies are then con-
trasted to other technologies, such as the all-Van-
dium-redox Flow battery [126], NaNiCl, and the Valve
regulated lead acid battery [124, 127]. Detailed infor-
mation for several business cases and corresponding
details on the LCI and techno-economic parameters
can be found in the corresponding literature sources
[124—-127]. Here, only an overview of the results for
Lithium Ion Batteries (LIB), with the highest market
share for stationary applications according to [128]
(lithium—iron—phosphate (LFP) and nickel-cobalt-
manganese-oxide (NMC 811)) is provided. All pro-
cess steps are assumed to be located in Germany. All
prospective considerations for both battery types are
provided in the following. Here, no process improve-
ments nor recycling are considered. In addition, a
graphite anode is considered for modelling, which
might change completely in 2050, when graphite might
potentially be exchanged with Li or Si based anodes.
Furthermore, NMC 811 will probably not play a role in
2050, as already, e.g.,, NMC 9 0.6 0.3 is under develop-
ment [129]. It is hardly possible to estimate how the
LIB based systems will look like in 2050 regarding their
design (e.g., new cylindrical or pouch cell types with
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new current collector design etc.), used electrode and
electrolyte materials. The electrode material will espe-
cially change due to the criticality of used materials
such as Nickel, Lithium, and in particular Cobalt [130].
The energy density of LIBs is highly dependent on sev-
eral factors as, e.g., the used electrode materials has a
crucial impact on all E-LCA impact categories. Here,
energy densities for 2020 are considered (0.13 Wh/kg
for LFP and 0.16 Wh/kg for NMC 811), while for 2050,
theoretical values for graphite are used (0.28 and 0.34
Wh/kg for LFP and NMC 811) [131]. However, using
Li-metal with a suitable electrolyte could, e.g., lead
potentially to energy densities of about 400 Wh/kg for
LFP and over 500 Wh/kg for NMC. A detailed over-
view of the LCI can be found in [132] and [133]. The
battery costs are based on a bottom-up model (start-
ing from the specific chemistry and the required raw
materials), where scale effects resulting from cell pro-
duction are considered in combination with higher cell
energy densities Fig. 5. The considered battery cost is
highly dependent on the manufacturing capacity of the
viewed production site, location and chemistry and its
properties (in particular energy density). Here, a bat-
tery cell manufacturing site located in Germany with
a throughput of 4 GWh/a for 2020 and 35 GWh/a in
2050 is considered [134].

Results of the case studies assessment

with the “ES2050 approach”

The following sub-sections give an overview of the appli-
cation of the “ES2050 approach” for the three differ-
ent case studies (for the descriptions of the case studies
see Section "Characterization and modelling of three
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case studies”. This paper focuses on the presentation
of the “ES2050 approach” and its applicability to differ-
ent energy technologies using consistent framework
conditions (see “Methods: development of the “ES2050
approach” Section) rather than on the comprehensive
sustainability assessment of the named technologies.
Therefore, assessment results are given in the following
sub-sections exemplarily for the three case studies: Envi-
ronmental assessment of the case study “Synthetic biofu-
els for mobility”, economic assessment of the case study
“Hydrogen from wind power for mobility’, patent growth
rate for the case study “Batteries for stationary energy
storage’; public acceptance for the case study “Hydrogen
from wind power for mobility” , domestic value added
for the case study “Synthetic biofuels for mobility”. The
results for economic and environmental assessment as
well as for patent growth rate of the respective other two
case studies can be found in Annex 2.

Environmental assessment of the case study “synthetic
biofuels for mobility”

As an example for the environmental assessment, the
results for the case study “Synthetic biofuels for mobil-
ity” are presented (cf. “Case study: synthetic biofuels
for mobility” Section). The environmental impacts of
the production and use of synthetic gasoline from straw
(“Straw”) are compared to the environmental impacts of
the production and use of fossil gasoline as a reference
(“Ref”). As during biogenic synthetic fuel production,
electricity is generated in excess, environmental impacts
from the same amount of electricity generation (German
electricity production mix 2020 and 2050) are included
in the reference process results (“Ref”’). Modelling of
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production and use of fossil gasoline refers to the ecoin-
vent data sets “market for petrol, low-sulfur, CH” and
“transport, passenger car, large size, petrol, EURO 4,
RER” Ecoinvent datasets for the modelling of synthetic
biofuel production and the German electricity produc-
tion mix are given in [99] and [100]. Figure 6 shows the
results for 13 environmental impact categories accord-
ing to ILCD (cf. “Economic assessment” Section) for the
base year 2020. Synthetic biofuel production from straw
shows significantly lower impacts (43-77%) for four cate-
gories: Climate Change (CC), Eutrophication-Freshwater
(Eutr-fw), Ionizing Radiation—human health (IR-hh) and
Ozone Depletion (OD). For two more categories, there
are also lower impacts for biogenic gasoline, but the dif-
ferences are smaller: Acidification (Acid) and Particu-
late matter/Respiratory inorganics (PM) (7-16% lower
impacts, respectively). For four categories the emission
equivalents are higher for biogenic gasoline (“Straw”):
Eutrophication-marine (Eutr-mar), Eutrophication—ter-
restrial (Eutr-ter), Human Toxicity—non-cancer effects
(HT-nc) and Resource Depletion—mineral, Fossil and
Renewable (RD). For the remaining three categories the
impacts are rather equal: Ecotoxicity—freshwater (Eco-
tox-fw), Human Toxicity—cancer effects (HT-c), and Pho-
tochemical Ozone Formation (POF).

Figure 7 shows the results for six out of 13 impact cat-
egories for the base year 2020 and the future year 2050.
The chosen categories show the most significant differ-
ences for the base year 2020 (see Fig. 6): Climate Change
(CC), Eutrophication—freshwater (Eutr-fw), Eutrophi-
cation—terrestrial (Eutr-ter), Human Toxicity—non-
cancer effects (HT-nc), Ionizing Radiation—human
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health (IR-hh), Ozone Depletion (OD). In Fig. 7, for each
impact category and year, the impacts are specified for
different sub-processes along the value chain, e.g. “Pro-
duction of Gasoline conventional” and “Use of Gasoline
conventional” (“Ref.), “Biomass Provision’, “Pyrolysis’,
“Gasification” (“Straw”). It has to be noted that transport
of residual straw to the decentralized pyrolysis plants
is included in “Biomass Provision” and transport of the
biosyncrude from decentralized pyrolysis plants to the
central production plant is included in “Gasification”.
Emission reductions for the year 2050 arise for biogenic
gasoline from assumed emission reductions of agricul-
tural machinery through efficiency enhancements, par-
ticle filters for diesel engines (transport of biosyncrude),
and increased efficiencies for CHP [99, 100]. Concern-
ing the reference process, assumptions on Germany’s
future electricity production mix are causing significantly
reduced emission equivalents in the categories CC, Eutr-
fw, and IR-hh (most notably through renewable ener-
gies replacing nuclear power plants and coal-fired power
plants) [62].

For biogenic synthetic fuel, most impacts arise from
fuel use in a passenger car (production and use) and
biomass provision (production and use of agricultural
machinery). For Eutrophication terrestrial (Eutr-ter) the
contribution of emissions from CHP is comparably high
(due to nitrogen oxides emissions).

The advantages of biogenic synthetic fuel over fos-
sil gasoline are most apparent for the impact categories
Climate Change (CC) and Ionizing radiation—human
health (IR- hh) also for the year 2050. However, refer-
ence process emissions are declining due to renewable
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energies replacing nuclear power plants (especially cat-
egory IR-hh) and coal-fired power plants (especially cat-
egory CC) in 2050. For IR-hh, impacts are comparably
high for the production of fossil gasoline. This goes back
to petroleum production (first of all, carbon-14 emissions
during treatment of low-level radioactive waste). For the
category CC the advantages of biogenic gasoline mainly
arise from the absence of fossil carbon dioxide emissions
during fuel use (fuel combustion in passenger car). For all
other impact categories, impacts from fuel use in passen-
ger car are assumed to be the same for synthetic gasoline
and conventional gasoline. For Eutr-ter, environmental
impacts are higher for biogenic gasoline compared to
fossil gasoline for 2020 and 2050. This goes mainly back
to comparably high nitrogen oxides emissions in the
course of straw provision from agricultural machinery.
Considerable emission reductions for biogenic synthetic
fuels could be achieved via emission reductions in the
use phase (foremost passenger car production) as well
as production and use of agricultural machinery (straw
provision).

Economic assessment of the case study “hydrogen
from wind power for mobility”
As an example for the economic assessment, the case
study about hydrogen mobility is shown. As part, the
costs for the supply of hydrogen are analyzed. Therefore,
the four hydrogen distribution options described in "Case
study: hydrogen from wind power for mobility" Section
are compared.

For basic commodities a common data source is cho-
sen (see Annex 1), e.g., electricity generation cost are

based on data from the project ENERGY-TRANS [95].
The basis year for the assessments is 2020, for the tech-
nology costs and for the money value. Therefore, all
costs are displayed in €2020.

Figure8 displays the hydrogen supply costs for 2020
and 2050 with a discount rate of 2.5%. For all hydro-
gen supply options, a significant drop in costs can be
observed, particularly for the hydrogen production
with alkaline water electrolysis and for the hydrogen
refueling stations (dispension in Fig. 8). The invest-
ment costs in 2050 will be lower because the number
of systems installed increases and larger capacities
are installed (economies of scale). Furthermore, lower
costs for electricity generation by wind power can be
expected. In the future, the lowest supply costs are real-
ized by the transport by pipeline. However, the costs
for hydrogen transport in high-pressure trailers for
gaseous hydrogen are only slightly higher and a more
detailed assessment is necessary to define the prefera-
ble solution. The efforts of liquefying hydrogen or using
a LOHC also lead in the future to higher costs than
transporting smaller amounts of hydrogen under high-
pressure. [93]

Regarding the cost categories for hydrogen mobility
compared with an internal combustion engine vehi-
cle (ICEV) fuelled with gasoline (Fig. 9) the costs for
fuel, i.e., hydrogen or gasoline, have the lowest share.
With 0.11 €/km capital costs make up the largest por-
tion of the costs for the gasoline vehicle in 2020 and
2050. For the FCEV the capital costs are in the same
order of magnitude due to assumptions made. Fuel
costs for hydrogen will lower significantly from 2020




Haase et al. Energy, Sustainability and Society (2022) 12:20

Page 18 of 41

45
40
z
»n 35
<]
2 30
2
S 25
e
S 20
& 15
£ 10
0 [ [ | JE— [ |
Electro Smog Odour Noise Air Pollution  Fire Hazard Explosion Negative Other
Pollution Pollution Hazard effects on
land- and
cityscape
Fig. 11 Citizen concerns about hydrogen refuelling stations, based on [90]

to 2050 and will be slightly higher than today’s cost for
gasoline.

Patent analysis on the example of case study “batteries

for stationary energy storage”

From the three different social indicators, here, the
results for the indicator “patent growth rate” related to
the ICoS sustainability rule “Sustainable development of
man-made, human and knowledge capital “ (cf. Table 2)
are shown for the use case "Batteries for stationary energy
storage". The patent search is carried out for the time
period 1995—2018 using CPC-codes and keywords and
a customized patent crawler combined with a MS Excel
template [83]. Used CPC-codes, keywords and search
strings applied can be found in Baumann et al. [83]. In
total, 5.822 patents were found via the EPO-database
based on the defined search string used for this assess-
ment (see Annex 2). In contrast to the LCC and E-LCA
indicators shown before, it is impossible to predict the
future development of patents based on this data, which
is analysed in detail in [83]. The MS excel template used
[83], analyses the most active countries in the respective
technology field and contrasts them to Germany. The
y-axis in Fig. 10 shows the total patents per year pub-
lished with the corresponding positive or negative pat-
ent growth rate in %. Additionally, the share of the most
active countries over time is also provided in the same
figure. It can be seen that Japan (JP) has the highest pat-
enting activity so far, followed by China (CN), which is
also very active in the area. The United States (US) and
Korea (KR) are also rather active in the area with a high
amount of patents. Germany, in comparison, has a lower
degree of patents in recent years. The analyses of pat-
ent growth make it possible to provide a picture of the

innovation potential of a technology by depicting the
patent growth resulting from positive or negative patent
application growth rates. This allows deriving, at least to
a certain degree, how strong the technology under assess-
ment contributes to the ICoS rule “Sustainable develop-
ment of man-made, human and knowledge capital” over
the years. The patent growth is based on the assumption
that the present rapid growth of patent applications indi-
cates increasing R&D expenditures and a correspond-
ing high future growth potential of the technology. The
opposite comes true in the case of low or decreasing pat-
ent growth, which might indicate that the technology is
entering a maturity phase [83, 84, 86].

Lithium-Ion batteries can be considered to enter into a
maturity phase where patent growth decreases slightly at
least until 2018. More information about the patent anal-
ysis for the three case studies can be found in [83]. It is
worth mentioning that using different search strings and
databases can lead to different findings related to patents
in the field of batteries, as presented in [135].

Public acceptance on the example of case study “hydrogen
from wind power for mobility”

The case study “Hydrogen from wind power for mobil-
ity” consists of several different technologies, e.g. wind
turbines, electrolyzers, FCEV etc. Thus, every technology
might be of interest for the discussion of public accept-
ance. After discussion with technology experts and citi-
zens, it was identified that in this process chain, hydrogen
refueling stations are one of the most controversial tech-
nologies in the process chain. Not only the users of the
FCEV need to accept them, but also the surrounding
local community. Furthermore, the area around hydrogen
refueling stations is more densely populated than around
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centralized electrolyzers for hydrogen production. For
this reason, here, exemplary results of local acceptance
for hydrogen refueling stations are discussed. They refer
to the statistical pretests (see “Social assessment” Sec-
tion) based on a survey with 211 answers [90]. From
these people, 70 were answering the questions regarding
hydrogen refueling stations. The others were randomly
assigned to the other two case studies.

Participants were first introduced to the technology,
which they were to evaluate. The questionnaire contin-
ued with a multiple-choice list of seven aspects and a
blank text box for further concerns. Furthermore, socio-
demographic aspects were asked from the participants.
The evaluation of the socio-demographic data of all 211
participants showed that they were predominantly male,
aged between 25 and 29 years, had a university degree,
were in employment with a higher income and lived in
rather rural areas. The 70 participants for the hydrogen
refueling stations questionnaire, however, were predomi-
nantly students.

From the seven presented concerns, the participants
regard Explosion Hazard as the most pressing (Fig. 11)
followed by Fire Hazard as the second most important
concern.

Other concerns of the people did not refer to hydro-
gen refueling stations itself but to refueling stations
in general. This is not only visible in the number of

answers for noise pollution and negative effects on
land- and cityscape. In fact, a FCEV produces with its
fuel cell and electric motor less noise than a conven-
tional vehicle with an internal combustion engine. The
submitted comments dealt with the competition to
other technologies, e.g. less funding for charging points
for battery electric vehicles or the competition for land
between food and energy crops. The participants were
also asked to state the level of knowledge they had about
the technologies. For the hydrogen refueling stations,
64% stated that they had known nothing or only very
little about it before the study. This was also reflected
in some of the answers. Hydrogen is an odorless gas,
which makes odor pollution very unlikely. Additionally,
FCEVs’ only emission is water so that from them and
from a hydrogen refueling station, very little odor pollu-
tion can be expected.

Domestic value added on the example of case study
“synthetic biofuels for mobility”

In this section, exemplary results for domestic value
added estimation of synthetic biofuel production from
straw are shown and compared to fossil gasoline produc-
tion. As stated in “Social assessment” Section, domestic
value added estimation is based on results of the eco-
nomic assessment (see Annex 2): Estimations of manu-
facturing costs of synthetic biofuel production result in
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about 120 €cent/l for 2050 (interest rate of 2.5%, depre-
ciation period 20 a). For fossil gasoline production (Ref.),
manufacturing costs of about 46 €cent/l are calculated
for 2050 as average value of gasoline product acquisi-
tion costs of the years 2011 to 2020 according to [108].
For domestic value added estimation of synthetic biofuel
from straw, all cost components along the value chain, i.e.
biomass provision, pyrolysis, gasification, and fuel syn-
thesis, are sub-divided into capital (investment), consum-
able, and operating costs and percentages of domestic
value added are estimated for each cost item. Percentages
for domestic value added of different cost items across
case studies are given in Annex 1. Furthermore, for syn-
thetic biofuel production, for catalyst costs for fuel syn-
thesis, 100% non-domestic value added are assumed, and
for utility costs, 100% domestic value added. For costs for
maintenance and repairs, 80% domestic and 20% poten-
tially domestic value added are assumed. Domestic value
added estimations of bioliq plant construction (42%
domestic value added, 39% potentially domestic value
added, 18% non-domestic value added) are based on in
total about 100 single technical components and expe-
riences from the bioliq pilot plant construction at KIT
[98]. Furthermore, for costs for purchased equipment
installation, measurement and control systems, piping
and electrics, 50% domestic value added are assumed.
For costs for buildings, site development, engineering
services, permits and project management, 100% domes-
tic value added are assumed. For manufacturing costs
of fossil gasoline, a rather rough estimate is made: All
costs other than crude oil are assigned to domestic value
added. Crude oil costs of 40.2 €cent/l are calculated for
2050 based on [136] as average value of the years 2011—
2020 and are assumed to be fully non-domestic. As a
result, domestic value added for synthetic biofuel from
straw (Straw) accounts for 66% compared to 13% for fos-
sil gasoline (Ref.) in 2050 (see Fig. 12). Determining fac-
tors for this difference are assumptions on raw materials
supply for the respective production processes: crude
oil is assumed to be fully imported (non-domestic value
added) while residual straw for synthetic biofuel pro-
duction is assumed to be provided fully domestically (cf.
[100]). For the time being, no differentiation of shares for
domestic, potentially domestic and non-domestic value
added of cost items related to the reference year has been
made. Therefore, the total share of domestic value added
of synthetic biofuel production differs only slightly for
2020 (67% domestic value added), assuming the same
interest rate and depreciation time for cost estimations
(2.5% and 20 a). Variation of interest rate and deprecia-
tion time (8% and 10 a respectively) results in a reduced
total share of domestic value added of 61% for synthetic
biofuel production from straw in 2050 (see Fig. 12).
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Discussion of the “ES2050 approach”

In this section, we reflect on our experiences by apply-
ing the “ES2050 approach” to the different case studies to
conclude on weaknesses and needs for further develop-
ment of the assessment concept and chosen indicators,
respectively. First, the assessment results are mirroring
the chosen system boundaries, spatial and temporal con-
text, input data, allocation methods, reference systems,
and other assumptions. Regarding the spatial context,
our analyses refer to Germany. However, no specific loca-
tion analysis was carried out with respect to the imple-
mentation of technologies and/or infrastructures, and
use of products. Consequently, results may be biased
towards determining development strategies or hiding
potential indirect economic, environmental, and social
effects caused at a regional/local scale where the respec-
tive technologies and infrastructures are built, and prod-
ucts will be used.

The prospective environmental and economic assess-
ment based on E-LCA and LCC focuses on aspects that
can be analyzed using aggregated quantitative data on
inputs (e.g., resources) and outputs (e.g., emissions)
from process modeling and databases together with pro-
gress rates and future price estimations. To evaluate the
respective processes, the modelling results are related to
a functional unit and compared with selected conven-
tional references. In the given examples for E-LCA and
LCC (“Environmental assessment of the case study “Syn-
thetic biofuels for mobility”” and “Economic assessment
of the case study “Hydrogen from wind power for mobil-
ity” Sections) the production and use of fossil gasoline
(see Figs. 6,7, 9) are used as a reference.

For environmental impact assessment, the ILCD [58]
recommended impact categories, methods and indica-
tors are applied, knowing well that other methods and
indicators might lead to differing results [137]. Also,
neglecting environmental impacts due to poorly devel-
oped methods (e.g., land use, water consumption)
needs to be reconsidered, as this can lead to important
aspects for certain technologies being ignored. On the
other hand, a reduction in the number of environmen-
tal impact categories could be explored, for example, by
finding correlations and overlaps between categories.
The uncertainties of the prospective E-LCA approach
become evident since changes in the provision of
resources, such as biomass, can significantly influence
the environmental impacts, resulting in a different
evaluation of environmental aspects (see Fig. 7). Also,
prospective changes in the reference processes, such
as gasoline production, affect the results of the com-
parative environmental assessment. In 2050, a signifi-
cant net reduction in GHG emissions and fossil energy
demand could be achieved when synthetic biofuel



Haase et al. Energy, Sustainability and Society (2022) 12:20

replaces fossil gasoline. If, on the other hand, electric-
ity was chosen as a reference, the prospective overall
comparative environmental assessment would change
as by 2050 the electricity will be generated mainly from
renewable sources. The same pattern and importance of
prospectivity are depicted in the economic assessment,
discussed here exemplarily for hydrogen supply and
mobility costs (“Economic assessment of the case study
“Hydrogen from wind power for mobility” Section).
For all hydrogen supply options considered (see Figs. 8
and 9), the costs become significantly lower and near
to competitiveness with fossil fuels in the long term
(2050). However, that strongly depends on the general
assumption that in the future manufacturing of a fuel
cell drive train is as costly as the one of an internal com-
bustion engine. In general, “levelised total costs” is an
established indicator and enables a good overview of the
microeconomic aspects of a product or service. How-
ever, economic sustainability does not only consist of
a business perspective and additional macroeconomic
indicators might help understand the overall economic
dimension of sustainability better.

In contrast to the environmental and economic assess-
ment, a prospective social assessment is even more com-
plex and limited as social indicators are less determined
by specific properties of technologies (e.g., type of Li-ion
battery, efficiencies, or energy densities) themselves and
more dependent on the spatial and temporal context.
As a result, prospective social assessment of technolo-
gies depends to a large extent on the broader socio-eco-
nomic development, i.e., environmental legislation and
regulation, and the public debate focusing, e.g., on grand
challenges such as the large scale system integration of
renewables. Social acceptance is recognized as a major
pushing or constraining factor for energy technologies.
This is apparent e.g. in the case of first generation bio-
fuels, which has become a subject of contested debates
in Germany and which is reflected by the chosen case
study of second generation biofuel produced with ligno-
cellulosic residues only [138, 139, 139-141]. The selected
three social indicators (“patent growth rate”, “domestic
value added’, and “acceptance”) of the “ES2050 approach”
allow for a first but limited prospective statement on the
development in the future. For the indicators “patent
growth rate” and “acceptance’, this is merely an extrapo-
lation of current trends, which can change at more or less
short notice due to changes in framework conditions.

For the indicator “acceptance’, an argument for or
against the use of a specific technology remains the same
over time only if there are no significant changes in the
evaluation pattern, framework conditions, and public
information. An obvious example of this is the change of
acceptance of nuclear energy before and after the reactor
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accident in Fukushima [142, 143]. In addition, the future
stability of institutions and companies applying the tech-
nology promotes that acceptance can increase in the
future since society’s trust in them can positively influ-
ence the individual acceptance of the respective technol-
ogy [92]. Also, societal acceptance can increase when
people get used to the technology, even if nothing else has
changed. Therefore, different surveys would be helpful to
evaluate the acceptance of various aspects of the respec-
tive technology over time. However, the subject of debate
in terms of the assessment of public acceptance is usu-
ally the study design (e.g., interviews or questionnaires),
questions asked, type of measurement (e.g., quantitative
or qualitative), and the interpretation of the results. Yet,
the critics on measuring acceptance for being incompa-
rable or incomprehensible and impossible to verify will
continue [144]. Nevertheless, the indicator acceptance is
crucial to address the social dimension of sustainability,
to understand individual perceptions towards new tech-
nologies, and to examine the individual’s opinions and
feelings concerning specific technologies [141]. Beyond
the scope of the indicator "acceptance”, there are further
options to include societal actors and different types of
stakeholders for sustainability assessment of emerging
technologies. From our point of view, the selection of
criteria and indicators and the determination of weight-
ing factors in the frame of multi criteria decision analysis
(MCDA) are of particular importance in this context.
The indicator “patent growth rate’, which is used to
address the innovation potential of technologies, is based
on open access data, easy to understand and communi-
cate. The developed crawler and Excel template facilitates
measuring [83]. In addition, this indicator can be used for
all types of technologies and for country comparisons in
a consistent manner. It is, however, crucial to formulate
a proper patent search string using the right classifica-
tions to ensure that the right patents are included. Other
methodological challenges are also the way of attributing
the patents to a country (e.g., by inventor or applicant).
Using different search strings as well as patent databases
can lead to another picture of patent landscape. The
results shown here indicate that Li-ion batteries are con-
sidered to enter in their maturity phase, where develop-
ment is mainly driven by Asian companies from Japan,
China and South Korea (Fig. 10). Although we propose to
use this indicator and patent data are frequently used also
by others as an innovation indicator, the application is
discussed controversially because, e.g., neither all patents
represent innovation nor all innovations are patented [83,
145]. Regarding the prospective assessment approach, the
indicator is of limited suitability as within a patent analy-
sis, the more recent years are not considered adequately,
because of the processing time of patent applications. For
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technology forecasting, our approach could be extended
by using S-curve analysis (as logistic plots) [146] or by
using additional indicators, such as the number and type
of start-ups, which are interlinked to the assessed tech-
nology [34], since entrepreneurial activity can be seen as
an outcome of innovation processes and an initiation of
opportunities for new technologies.

Based on (prospective) cost estimations, the indicator
“domestic value added” enables a prospective assess-
ment of the respective technology’s future domestic
job creation potential. Similar to prospective assump-
tions on prices for cost estimations, assumptions on
future domestic, potential domestic and non-domestic
value added of cost components can be made. Just as
E-LCA and LCC indicators, the indicator “domestic
value added” is used comparatively, and the assessment
result is therefore strongly dependent on chosen refer-
ence processes. In addition, results are dependent on
specific assumptions on future supply chains of, e.g.,
resources, i.e., local delivery of raw materials versus
delivery from abroad. It should be noted that choosing
domestic value added as an indicator, results in rather
conservative estimations as all potential domestic value
added is excluded. It is apparent that for prospective
domestic value added assessment, consistent socio-
economic context scenarios are needed, assuming set-
tings, e.g. on the future origin of raw materials, supply
chains of operating materials, and locations of product
use. Preferably, these context scenarios should be har-
monized with underlying context scenarios concerning
future electricity and mobility mixes and related prices
for E-LCA and LCC, respectively.

Last but not least, although it is common prac-
tice in LCSA studies, it has to be kept in mind that
a clear separation of economic, environmental, and
social impacts is not possible, and related challenges
are interconnected [138]. Likewise, the chosen indi-
cators are also not only relevant for one sustainabil-
ity dimension. This becomes obvious e.g. for “Climate
Change” and “Human Toxicity”, assigned in this study
to the environmental dimension of sustainability but
having likewise several social implications. In addi-
tion, the assignment of the indicator “patent growth
rate” to the social dimension can be questioned, as
patents have foremost economic implications, and
the social impact can be considered rather secondary.
Conversely, levelised total costs do not only have eco-
nomic implications but ultimately also social implica-
tions when it comes to questions of affordability for
example. Thus, as to whether and for which purpose
an assignment to one of the sustainability dimensions
should be made should be subject of further research.
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Conclusions

The proposed “ES2050 approach” for prospective sustain-
ability assessment of energy technologies combines well
established environmental and economic indicators with
social indicators derived from the Integrative Concept
of Sustainable Development. The presented approach is
generically applicable to all types of technologies, i.e., dif-
ferent energy resources and conversion processes, aim-
ing at a consistent prospective sustainability assessment
of (emerging) energy technologies. Therefore, the “ES2050
approach” can be used to consistently highlight possible
strengths and weaknesses as well as unintended conse-
quences of new technologies in comparison with, e.g.,
existing conventional technologies, aiming at supporting
technology developers, decision-makers in politics, indus-
try, and society with the provision of knowledge for further
evaluation, steering, and governance. This also includes the
possibility of integrating the indicators into an MCDA. The
presented results provide an excellent starting point for
further analyses with respect to a comparison of different
transport options, i.e. for comparative sustainability assess-
ment of fuel cell electric vehicles, battery electric vehicles,
and internal combustion engine vehicles fuelled with syn-
thetic biofuel and fossil fuel respectively. Such research is
already in development [147]. Nevertheless, the approach
presented is considered rather a starting point than a
blueprint for the comprehensive assessment of renew-
able energy technologies, especially for the suggested social
indicators, their significance for prospective assessments
and their embedding in context scenarios for prospective
assessments. This also includes the further exploitation of
opportunities for the involvement of different actors from
society to the overall assessment approach, e.g., for selec-
tion and weighting of sustainability criteria and indicators.
In addition, the derivation of indicators based on a norma-
tive concept of sustainable development and the purpose of
assignment of indicators to one of the sustainability dimen-
sions, i.e. economy, environment, social, must be examined
more closely and is subject to further research. Last but
not least, prospective assessments are afflicted with differ-
ent types of uncertainties, methodical uncertainties as well
as uncertainties with respect to the input data, and further
research efforts need to be undertaken in order to consider
these uncertainties systematically.

Annexes

Annex 1

Integrated Concept of Sustainable Development (ICoS)
and Sustainability Indicator System (SIS)

See Tables 3 and 4
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Table 3 Goals and Substantial Rules of the Integrated Concept of Sustainable Development (ICoS) [25, 30]

Goals

Securing human existence

Maintaining society’s productive
potential

Preserving society’s options for
development and action

Substantial rules

1. Protection of human health
2. Satisfaction of basic needs

3. Autonomous subsistence based on
income from own work

4. Just distribution of opportunities to use

6. Sustainable use of renewable resources

7. Sustainable use of non-renewable
resources

8. Sustainable use of the environment as a
sink for waste and emissions

9. Avoidance of technical risks with poten-

natural resources tially catastrophic impacts

5. Reduction of extreme income and
wealth inequality

10. Sustainable development of man-
made, human and knowledge capital

11. Equal access for all to information

12. Participation in societal decision-making
processes

13. Conservation of cultural heritage and
cultural diversity

14. Conservation of the cultural function of
nature

15. Conservation of social resources

Table 4 Sustainability indicators from the Sustainability Indicator
System (SIS) related to 1CoS sustainability rules "Sustainable
development of man-made, human and knowledge capital “ and
,Conservation of social resources” [30]

ICoS rule SIS Sustainability indicators

10. Sustainable development of man-
made, human and knowledge capital

25. Installed capacity of
renewable energy power
plants

26. Number of university
graduates in the field of
energy sciences

27. Federal expenditures for
energy research

28. Number of German pat-
ents in the field of renewable
energy

and energy efficiency

29. Number of start-ups in the
renewable energy and energy
efficiency sector

30. Added value creation from
the renewable energy sector
31. Added value creation from
energy efficiency measures in
households

15. Conservation of social resources 35. Acceptance of renewable
energies in the neighbour-
hood

36. Acceptance of grid
extension for achieving 100%

renewable energy supply
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Consistent assessment framework
See Tables 5, 6, and 7
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Table 5 Share on gross power generation per energy carrier based on [148] and [95] and technology shares per energy carrier based

on [95] and [62]

Energy Carrier Shares on gross power Technology
generation [%]

Technology share per energy carrier

2020 2050 2020 [%] 2050 [%] Source
[148] [95
Hard coal 7.8 14 Electricity 83.7 22.7 [95]
CHP 163 77.3
Lignite 16.9 0.0 Electricity 95.8 90.0 [95]
CHP 4.2 10.0
Mineral Qil, Diesel 0.8 0.2 Electricity 415 100.0 [95]
CHP 58.5 0.0
Natural Gas 16.9 203 CHP 89.5 59.6 [95]
Electricity GuD 7.1 353
Electricity 33 5.1
Nuclear 1.8 0 pressure water 787 n.a [62]
boiling water 213 n.a
Hydro-power 34 44 run-of-river 84.0 84.0 [62]
reservoir 16.0 16.0
Wind onshore 19.7 246 1—3 MW 100.0 100.0 ES2050
Wind offshore 5.1 215 1—3 MW 100.0 100.0 [62]
Biomass 8.2 12.6 Biogas 579 50.0 [95]
Wood/solid Biomass 42.1 500
PV 94 116 Open ground 44 4.5 [95]
Rooftop 956 955
Geothermal 0 33 Deep geothermal 100.0 100.0 [62]
Table 6 Consistent economic input data for 2020 and 2050, inflation rate based on [149]
2020 2050
€2020 Source €2020 Source Unit
Electricity =~ Wholesale electricity price (EPEX spot market, average Jan 20— 306 [150] 1125 [95] €2011 €/MWh
Dec 20)
Industrial consumers, Mix DE (energy-intensive industry) 506 [151] 119.0 [95] €2011 €/MWh
Industrial consumers, wind onshore (energy-intensive industry) 79.7 Based on [70, 95, 151] 63.5 [95] €2011 €/MWh
Households, Mix DE, without tax 2468  [151] 287.2 [95]€2011 €/MWh
Households, wind onshore, without tax 2588 Based on [70] [151] 2318 [95] €2011 €/MWh
BDEW, [95]
Natural gas Industry/Power Plants; excl. tax 7.02 [152] 18.8 [95] €2010 €/GJ
253 67.52 €/MWh
Crude Oil  Average value of the last ten years (2011-2020) 40.2 [136] 40.2 [136] €2020 Cent/I

€2020
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Table 7 Consistent input data for domestic value added estimation: percentages for domestic (d), potentially domestic (p-d) and

non-domestic (n-d) value added based on own estimations

d p-d n-d

Capital costs (investment) All machinery, if not stated differently (e.g. agricultural 0 100 0
machinery, trucks, trains)

Consumable costs Diesel fuel 66 0 34

Electricity (mix DE) 33 33 33

Electricity (wind offshore) 73 8 19

Natural gas 0 0 100

Operating costs Personnel 100 0 0

Taxes and insurance, overhead 100 0 0

Annex 2

Results for environmental assessment

Caste study “Synthetic biofuels for mobility” The follow-
ing tables refer to the case study described in “Case study:
synthetic biofuels for mobility” Section and the results
presented in Figs. 6 and 7 (gasoline from straw—“Straw’,
fossil gasoline—“Reference”) of “Environmental assess-
ment of the case study “Synthetic biofuels for mobility™
Section. Additionally, results are given for gasoline from
wood (“Wood”). For the alternative “Wood’, only raw

materials supply is altered, while mass and energy flows of
biomass conversion are kept constant. Wood supply refers
to residual forest wood. Details on modeling of material
and energy flows of the biomass conversion as well as on
upstream (e.g. biomass provision) and downstream pro-
cesses (e.g. fuel use in passenger car) of synthetic biofuel
production as well as on reference processes can be found
in [100] and [99].
See Tables 8,9, 10 and 11.

Table 8 Environmental impacts per year of the production and use of synthetic gasoline (gasoline from straw—"Straw’, gasoline from

wood—"Wood") and fossil gasoline (“Reference”)

Straw Wood Reference

2020 2050 2020 2050 2020 2050
Acidification molc H+eq 393E+06 374E4+06 335E406 330E+06 449E+06 4.40E406
Climate change kg CO2 eq 5.14E408 479E408 454E4+08 438E+08 1.35E+09 1.25E409
Freshwater ecotoxicity CTUe 325E+10 323E410 320E410 3.19E+10 3.15E410 3.06E+410
Freshwater eutrophication kg P eq 333E+05 3.09E405 3.14E405 294E+05 461E405 2.56E+405
Human toxicity—carcinogenics CTUh 1.01E4+02 984E+01 952E401 938E401 983E401 859E+01
Human toxicity—non-carcinogenics CTUh 599E+02 568E+02 466E4+02 463E4+02 419E+02 3.86E+02
lonizing radiaton—human health kBg U235 eq 4.16E4+07 379E+07 392E407 363E4+07 1.17E4+08 871E+07
Marine eutrophication kgNeq 830E+05 767E4+05 650E405 634E405 7.09E+05 6.64E405
Ozone depletion kgCFC-11eq  448E+401 427E+01 435E+01 421E401 195E402 1.94E402
Particulate matter/Respiratory inorganics kg PM2.5 eq 6.26E405 6.08E405 566E+05 562E+05 6.59E405 6.61E405
Photochemical ozone formation kgNMVOCeq 322E+06 3.03E+06 3.19E+06 269E+06 3.03E+06 3.00E+06
Resource depletion—mineral, fossil and renewable kg Sb eq 308E+4+05 3.05E405 296E+05 296E+05 269E405 2.70E+405
Terrestrial eutrophication molc N eq 879E+4+06 8.15E+06 6.75E4+06 662E4+06 7.16E+06 7.07E+06
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Table 9 Percentage contributions of the process steps to environmental impacts—"Straw”

Biomass Pyrolysis Gasification Synthesis+Comb. Gasoline use

provision Cycle
Acidification molcH+eq 2020 21.0 11.1 2.8 6.0 59.1
2050 17.6 11.7 23 6.3 62.1
Climate change kg CO2 eq 2020 216 6.6 50 3.1 63.7
2050 184 7.1 2.8 34 68.3
Freshwater ecotoxicity CTUe 2020 2.1 6.1 1.1 17 89.0
2050 1.7 6.2 0.8 1.7 89.7
Freshwater eutrophication kg Peq 2020 6.7 16.2 7.8 45 64.8
2050 5.8 17.5 19 4.8 70.0
Human toxicity—carcinogenics CTUh 2020 7. 10.0 43 3.1 755
2050 5.8 103 3.1 32 776
Human toxicity—non-carcinogenics CTUh 2020 229 14.7 2.1 4.1 56.3
2050 193 155 15 43 593
lonizing radiaton—human health kBgqU235eq 2020 14.7 7.7 10.3 4.8 62.5
2050 12.8 8.5 4.8 53 68.6
Marine eutrophication kgNeq 2020 320 55 39 9.2 494
2050 27.8 6.0 29 9.9 535
Ozone depletion kg CFC-11eq 2020 232 43 45 2.7 65.3
2050 19.6 4.6 44 2.8 68.6
Particulate matter/Respiratory inorganics kgPM25eq 2020 133 7.9 1.8 2.8 74.2
2050 109 8.1 1.7 29 764
Photochemical ozone formation kg NMVOCeq 2020 26.7 4.2 26 7.1 594
2050 22.7 44 22 75 63.1
Resource depletion—mineral, fossil and renewable kg Sb eq 2020 43 8.1 03 2.1 85.2
2050 35 82 04 2.1 85.9
Terrestrial eutrophication molc N eq 2020 32.8 5.6 34 94 488

2050 283 6.0 29 10.1 526
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Table 10 Percentage contributions of the process steps to environmental impacts—"Wood”

Biomass Pyrolysis Gasification Synthesis+Comb. Gasoline use

provision cycle
Acidification molcH+eq 2020 72 13.1 33 7.0 69.5
2050 64 133 28 7.1 704
Climate change kg CO2 eq 2020 112 75 56 36 72.1
2050 10.7 7.8 3.1 37 74.8
Freshwater ecotoxicity CTUe 2020 05 6.2 1.1 1.7 90.5
2050 0.5 6.2 0.8 1.7 90.8
Freshwater eutrophication kg Peq 2020 1.1 17.2 83 4.7 68.7
2050 1.1 184 20 5.1 735
Human toxicity—carcinogenics CTUh 2020 13 10.6 45 33 80.3
2050 1.2 10.8 3.2 3.3 815
Human toxicity—non-carcinogenics CTUh 2020 1.0 189 2.7 52 72.2
2050 1.0 19.1 1.9 53 72.8
lonizing radiaton—human health kBgU235eq 2020 95 8.2 109 5.1 66.3
2050 88 89 5.1 55 717
Marine eutrophication kgNeq 2020 13.2 7.1 49 1.7 63.0
2050 12.1 73 40 12.0 64.6
Ozone depletion kg CFC-11eq 2020 208 45 46 2.8 673
2050 185 4.6 4.5 28 69.5
Particulate matter/Respiratory inorganics kgPM25eq 2020 4.1 8.7 2.0 31 82.2
2050 3.7 8.8 1.8 3.1 82.7
Photochemical ozone formation kg NMVOCeq 2020 259 4.2 27 7.2 60.0
2050 124 50 29 8.5 712
Resource depletion—mineral, fossil and renewable kg Sb eq 2020 06 84 04 22 88.5
2050 06 84 04 22 884
Terrestrial eutrophication molc N eq 2020 125 7.2 45 12.2 63.6

2050 11.1 74 42 12.5 64.8
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Table 11 Percentage contributions of the process steps to environmental impacts—"Reference”

Electricity Gasoline Gasoline use
production production
Acidification molc H+eq 2020 8.2 40.1 51.7
2050 6.3 409 52.8
Climate change kg CO2 eq 2020 13.0 12.8 74.1
2050 6.3 138 799
Freshwater ecotoxicity CTUe 2020 6.5 1.6 91.9
2050 3.6 1.6 94.7
Freshwater eutrophication kg Peq 2020 482 5.0 46.8
2050 6.5 9.1 84.4
Human toxicity—carcinogenics CTUh 2020 16.9 53 777
2050 5.0 6.1 89.0
Human toxicity—non-carcinogenics CTUh 2020 14.5 5.1 80.3
2050 7.2 56 87.2
lonizing radiaton—human health kBg U235 eq 2020 28.0 49.8 221
2050 29 67.2 299
Marine eutrophication kg Neq 2020 16.3 26.7 57.0
2050 94 289 61.7
Ozone depletion kg CFC-11eq 2020 76 774 15.0
2050 7.1 77.8 15.1
Particulate matter/Respiratory inorganics kg PM2.5 eq 2020 45 250 70.5
2050 48 249 70.3
Photochemical ozone formation kg NMVOC eq 2020 7.1 29.7 63.2
2050 6.2 30.0 63.8
Resource depletion—mineral, fossil and renewable kg Sbeq 2020 1.0 14 976
2050 15 14 97.2
Terrestrial eutrophication molc N eq 2020 11.0 29.1 59.9
2050 9.9 294 60.7

Case study “Hydrogen from wind power for mobility” The  presented in Annex 1 have been used. Other technical
following tables refer to the case study described in “Case  data have been checked and updated, e.g. by [123] for
study: hydrogen from wind power for mobility” Sec- the LOHC technology. Modelling of the FCEV is mainly
tion. The results of the hydrogen production pathways based on [117].

are based on [93]. The reference year has been updated See Tables 12, 13

from 2015 to 2020. For electricity mix composition data
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Table 12 Environmental impacts per kg of hydrogen different distribution options for 2020 and 2050

CGH2 Pipeline LH2 LOHC
2020 2050 2020 2050 2020 2050 2020 2050
Acidification molcH+eq  282E—02 270E—02 194E—02 1.75E—02 299E—02 2.18E—02 287E—02 2.94E—02
Climate change kg CO2 eq 5.08E+00 4.23E400 299E400 1.85E400 6.85E4+00 296E+00 738E+00 6.51E+00
Freshwater ecotoxicity CTUe 1.79E402 156E+402 168E+02 142E+02 220E402 1.62E402 1.95E402 1.66E+402
Freshwater eutrophication kgPeq 305E—-03 143E—03 3.10E—03 1.03E—03 7.13E—03 1.24E—03 502E—03 148E—-03
Human toxicity—carcinogenics CTUh 8.30E-07 667E-07 7.89E—07 598E—07 1.13E-06 6.62E-07 947E—07 695E—-07
Human toxicity—non-carcinogenics  CTUh 2.72E—-06 231E—06 2.18E—-06 167E—06 3.59E—-06 2.15E—06 285E—06 240E—06
lonizing radiation—human health kBqU235eq 598E—01 365E—01 395E—01 941E—02 1.05E+00 1.71E-01 7.75E—01 3.66E—01
Marine eutrophication kgNeq 5.04E—03 457E—03 3.02E—03 229E—-03 557E—03 3.10E—03 485E—-03 4.42E-03
Ozone depletion kg CFC-11eq 7.20E—07 701E—07 285E—07 251E—07 690E—07 4.62E—07 863E—07 1.03E—06
Particulate matter/Respiratory kgPM25eq  342E—03 330E—03 201E—03 1.86E—03 3.34E—03 247E—03 2.76E—03 3.27E—03
inorganics
Photochemical ozone formation kg NMVOCeq 1.57E—02 1.51E—02 7.87E—03 6.90E—03 140E—02 9.99E—03 132E—02 1.54E—02
Resource depletion—mineral, fossils kg Sb eq 510E—04 4.80E—04 4.00E—04 3.70E—04 500E—04 440E—04 440E—04 4.80E—04
and renewables
Terrestrial eutrophication molc N eq 4.75E—02 465E—02 239E—02 2.10E—02 430E—02 299E—02 399E—-02 441E-02
Table 13 Percentage contributions of the process steps to environmental impacts—CGH2
H, Production Truck Storage (%) Refueling
(%) transport station (%)
(%)

Acidification molc H+eq 2020 534 41.8 13 35

2050 526 437 1.0 2.7
Climate change kg CO2 eq 2020 235 66.5 25 76

2050 25.1 69.5 13 4.1
Freshwater ecotoxicity CTUe 2020 77.9 17.3 1.5 34

2050 79.0 173 1.2 26
Freshwater eutrophication kg Peq 2020 29.2 50.6 5.0 15.2

2050 56.1 386 1.1 4.2
Human toxicity—cancer effects CTUh 2020 69.4 223 1.8 6.5

2050 76.4 184 0.9 4.2
Human toxicity—non-cancer effects CTUh 2020 539 38.1 1.9 6.1

2050 57.0 37.8 1.2 4.1
lonizing radiaton—human health kBg U235 eq 2020 12.1 73.0 37 11.2

2050 17.7 79.8 0.5 20
Marine eutrophication kgNeq 2020 340 57.6 1.8 6.7

2050 34.0 604 1.0 46
Ozone depletion kg CFC-11eq 2020 18.6 75.5 1.5 44

2050 179 771 13 3.7
Particulate matter/Respiratory inorganics kg PM2.5 eq 2020 47.5 488 0.9 2.8

2050 449 515 09 2.7
Photochemical ozone formation kg NMVOC eq 2020 342 60.9 1.2 37

2050 319 64.0 09 3.1
Resource depletion—mineral, fossil and renewables kg Sbeq 2020 69.3 280 0.9 1.8

2050 65.9 309 1.0 23
Terrestrial eutrophication molc N eq 2020 31.0 63.0 1.3 46

2050 282 66.9 1.1 338
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Case study “Batteries for stationary energy storage” 'The
following tables refer to the case study described in “Case
study: batteries for stationary energy storage” Section.
The results presented here have several limitations for the
year 2050 with respect to prospective potential improve-
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ments, cathode materials and battery chemistries, and
energy densities (see “Case study: batteries for stationary
energy storage” Section). A detailed overview of the LCI
can be found in [132] and [133].

See Tables 14, 15

Table 14 Environmental impacts per year of the production and use of LFP and NMC cells with graphite anode (G) per kg of cell

LFP-G NMC811-G

2020 2050 2020 2050
Acidification molc H+eq 0.1780 0.1780 0.6520 0.6519
Climate change kg CO2 eq 10.8342 10.5321 12.1002 11.7981
Freshwater ecotoxicity CTUe 123.1255 119.6336 459.3595 455.8677
Freshwater eutrophication kg Peq 3.70E—03 2.95E—03 1.28E—02 1.21E-02
Human toxicity—carcinogenics CTUh 4.01E—-06 3.97E—06 1.32E-06 1.28E—06
Human toxicity—non-carcinogenics CTUh 3.33E-06 3.21E-06 1.90E-05 1.89E—05
lonizing radiaton—human health kBqg U235 eq 1.60E—06 147E—-06 2.60E—06 248E—06
Marine eutrophication kg Neq 5.25E-01 4.48E—-01 7.75E—01 6.99E—01
Ozone depletion kg CFC-11 eq 9.69E—03 949E-03 1.28E—02 1.26E—02
Particulate matter/Respiratory inorganics kg PM2.5 eq 1.40E—04 1.40E—-04 7.13E—05 7.13E-05
Photochemical ozone formation kg NMVOC eq 7.80E—03 7.87E—03 3.60E—02 361E—-02
Resource depletion—mineral, fossil and renewable kg Sbeq 1.68E—02 1.68E—02 7.23E—02 7.22E—02
Terrestrial eutrophication molc N eq 1.05E—03 1.06E—03 3.76E—03 3.77E-03

Table 15 Environmental impacts per year of the production and use of LFP and NMC cells per kWh storage capacity

LFP NMC 811

2020 2050 2020 2050
Energy density Wh/kg 0.13 0.28 0.16 0.34
Acidification molc H+eq 1.3695 0.6355 40751 19175
Climate change kg CO2eq 83.3402 376148 75.6264 34.7004
Freshwater ecotoxicity CTUe 947.1190 427.2630 2870.9969 1340.7873
Freshwater eutrophication kg P eq 2.85E—-02 1.05E—-02 8.01E—-02 3.55E-02
Human toxicity—carcinogenics CTUh 3.09E—05 142E-05 8.28E—06 3.76E—06
Human toxicity—non-carcinogenics CTUh 2.56E—05 1.15E-05 1.19E-04 5.56E—05
lonizing radiaton—human health kBg U235 eq 1.23E-05 5.26E—06 1.63E—05 7.29E—06
Marine eutrophication kgNeq 4.04E400 1.60E 4+ 00 4.84E400 2.05E400
Ozone depletion kg CFC-11 eq 745E—02 3.39E—02 8.01E—02 3.71E=02
Particulate matter/Respiratory inorganics kg PM2.5 eq 1.08E—-03 5.00E—-04 446E—-04 2.10E—04
Photochemical ozone formation kg NMVOC eq 6.00E—02 2.81E—-02 2.25E-01 1.06E—01
Resource depletion—mineral, fossil and renewable kg Sbeq 1.30E-01 599E—02 4.52E-01 2.12E—-01
Terrestrial eutrophication molc N eq 1.05E-03 1.06E—03 3.76E—03 3.77E-03
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Results for economic assessment

Caste study “Synthetic biofuels for mobility” The fol-
lowing tables refer to the case study described in “Case
study: synthetic biofuels for mobility” Section. Within the
subsequent tables 16, 17, 18, manufacturing cost estima-
tions for synthetic biofuels are presented for the base year
2020 and the projection year 2050 for different economic
perspectives (societal and business perspective) as well as
broken down for cost categories. For prospective assess-
ment, higher wholesale electricity prices together with
assumed higher efficiencies of CHP are leading to higher
revenues for electricity and lower biofuel manufacturing
costs. For investment estimations, a progress factor of
0.95 is assumed. Assumed rising natural gas prices in 2050
have no significant impact on the overall result. Addition-
ally, so called mobility costs are estimated, including costs
for synthetic biofuel use in passenger car and compared
to mobility costs using fossil gasoline (Table 19). Prospec-
tive manufacturing costs of fossil gasoline are calculated
as average value of product acquisition costs of the last
ten years [108]. Accordingly, costs for transport, storage
and service stations are calculated as average value of con-
tribution margin of the last ten years [108]. Manufactur-
ing costs for synthetic gasoline from straw are based on
[100]. Deviant from results for environmental assessment
but in analogy to the case study “hydrogen mobility’, in
this example a small size passenger car is considered for
the use phase: The considered internal combustion engine
vehicle (ICEV) is comparable to a VW Golf and has a
power of 100 kW. Underlying mass and energy flows for
economic assessment are based on [100].

See Tables 16, 17, 18, and 19

Table 16 Manufacturing costs of synthetic biofuel (gasoline
from straw—"Straw’, gasoline from wood—"Wood") from a
societal perspective with an interest rate of 2.5%, depreciation
period 20 a

Straw Wood

2020 2050 2020 2050
Biomass Provision Cent/I 4243 4243 66.38 66.38
Pyrolysis Cent/I 34,08 2094 3408 29.94
Gasification Cent/I 40.29 3606  40.29 36.06
Synthesis Cent/I 37.18 3092 37.19 3093
Revenues for electricity Cent/l  —4.54 —1912 —454 —19.12
Sum Cent/l 14944 12024 173.39 144.19
Difference 1.5% IR Cent/l —309 —251 —309 —251

Difference 3.5% IR Cent/I 324 263 324 263
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Table 17 Manufacturing costs of synthetic biofuel (gasoline
from straw—"Straw’, gasoline from wood—"Wood") from a
business perspective with an interest rate of 8%, depreciation
period 10 a

Straw Wood

2020 2050 2020 2050
Biomass Provision Cent/I 4243 4243 6638 66.38
Pyrolysis Cent/I 4598 39.58 4598 39.58
Gasification Cent/I 5263 4605 5263 46.05
Synthesis Cent/I 55.20 4551 5520 4551
Revenues for electricity Cent/l —454 —1912 —454 —19.12
Sum Cent/l 19169 15445 21564 178.40
Difference 7% IR Cent/l —345 —280 —345 —280

Difference 9% IR Cent/I 352 2.85 352 2.85

Table 18 Manufacturing costs of synthetic biofuel (gasoline
from straw—"Straw’, gasoline from wood—"Wood") according to
cost categories on the example of 2050 with an interest rate of
2.5%, depreciation time 20 a

Straw Wood
Capital costs Cent/I 2339 2339
Consumable costs Cent/I 54.89 78.84
Operating costs Cent/I 41.96 41.96
Sum Cent/I 120.24 144.19

Table 19 Mobility costs on the example of synthetic biofuel
from straw (ICEV Straw), interest rate of 2.5%, depreciation time
biofuel production plant 20 a, passenger car 18 a

ICEV Straw
2020 2050
Capital costs Cent/km 10.78 10.78
Consumable costs (fuel costs incl. Cent/km 9.83 8.08
transport, storage, gas stations)
Operating costs Cent/km 11.15 11.15
Mobility costs Cent/km 31.76 30.01
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Case study “Hydrogen from wind power for mobil-
ity” 'The following tables refer to the case study
described in “Case study: hydrogen from wind power
for mobility” Section and the results presented in
Figs. 8 and 9 of “Economic assessment of the case study
“Hydrogen from wind power for mobility”” Section. The
results of the hydrogen production pathways are based
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on [93]. The reference year has been updated from 2015
to 2020. For electricity mix composition, data presented
in Annex 1 have been used. Other economic and techni-
cal data have been checked and updated, e.g. by [123]
for the LOHC technology.

See Tables 20, 21, 22 and 23.

Table 20 Hydrogen supply costs from a societal perspective with an interest rate of 2.5%

CGH2 Pipeline LH2 LOHC

2020 2050 2020 2050 2020 2050 2020 2050
H, Production €/kg 740 434 740 434 740 434 740 434
Hydrogenation €/kg - - - - - 0.70 0.23
Liquefaction €/kg - - - - 246 2.04 - -
Compression €/kg 0.58 0.38 0.51 0.24 - - - -
Storage €/kg 0.21 0.21 0.21 0.21 0.13 0.21 0.36 0.34
Transport €/kg 0.71 053 0.69 0.72 0.20 0.19 034 0.30
Dehydrogenation €/kg - - - - - - 294 1.51
Refueling Station €/kg 4.24 1.49 3.75 1.40 262 0.92 3.86 1.64
LOHC Production €/kg - - - - - - 0.02 0.02
Sum €/kg 13.14 6.95 12.56 6.91 12.78 7.70 15.61 838
Difference 1.5% IR €/kg —035 —0.14 — 040 —0.21 —035 —020 — 047 —0.21
Difference 3.5% IR €/kg 0.36 0.15 043 0.22 041 0.21 0.50 0.22
Table 21 Hydrogen supply costs from a business perspective with an interest rate of 8%

CGH2 Pipeline LH2 LOHC

2020 2050 2020 2050 2020 2050 2020 2050
H, Production €/kg 8.11 4.69 8.11 4.69 8.11 4.69 8.11 4.69
Hydrogenation €/kg - - - - - - 093 0.26
Liquefaction €/kg - - - - 3.10 248 - -
Compression €/kg 0.70 042 0.64 0.28 - - - -
Storage €/kg 032 0.29 032 0.29 0.13 0.31 0.57 0.54
Transport €/kg 0.82 0.58 122 1.26 0.23 0.22 0.36 032
Dehydrogenation €/kg - - - - - - 367 1.85
Refueling Station €/kg 538 1.85 4.88 1.75 3.69 1.26 4.99 2.00
LOHC Production €/kg - - - - - - 0.02 0.02
Supply costs €/kg 13.21 794 1277 827 1338 8.97 13.85 9.69
Difference 7% IR €/kg — 044 —0.18 —0.52 —0.27 — 049 —0.25 — 060 —0.26
Difference 9% IR €/kg 045 0.18 053 028 0.50 0.26 0.62 027
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Table 22 Hydrogen supply costs according to cost categories
on the example of 2050 with an interest rate of 2.5%

CGH2 Pipeline LH2 LOHC
Capital cost €/kg 144 1.81 2.07 2.17
Consumable cost €/kg 3.81 357 4.25 4.34
Operation cost €/kg 1.27 1.16 1.20 1.50
Other cost €/kg 042 037 0.18 037
Supply costs €/kg 6.95 6.91 7.70 8.38

Table 23 Mobility costs on the example of hydrogen supply
with CGH2 (FCEV) and of conventional gasoline (ICEV)with
an interest rate of 2.5%
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Case study “Batteries for stationary energy storage” The
following tables refer to the case study described in
“Case study: batteries for stationary energy storage”
Section. The results from the economic evaluation for
LFP and NMC 811 battery cells are based on a bottom
up approach from [134]. It is assumed that battery cost
is highly dependent on the manufacturing capacity of
the production site, location and chemistry. Here the
same limitations apply as the ones highlighted for the
E-LCA results (see also “Case study: batteries for sta-
tionary energy storage” Section).
See Tables 24, 25, 26, 27 and 28.

FCEV ICEV Table 24 Considered LIB-manufacturing capacity for analyzed
2020 2050 2020 2050 cell types
Capital costs €/km 030 0 011 0.11 Manufacturing Capacity
Consumable costs €/km 0.10 0.04 0.03 0.03
2020 4 GWh/a
Operating costs €/km 0.15 0.09 0.11 0.1
. 2050 35 GWh/a
Mobility costs €/km 0.55 0.24 0.25 025
Table 25 LFP and NMC 811 supply costs from a societal perspective with an interest rate of 2.5%
IR=2.5% LFP NMC811
2020 2050 2020 2050
Manufacturing Capital €/kWh,, 14.07 7.18 11.66 593
Cells €/kWh,, 4596 31.88 46.62 3502
Pack Components €/kWh,, 025 0.20 26.07 25.15
Labor €/kWhe,, 1961 7.90 16.18 6.46
Utilities €/kWhe,, 025 020 025 020
0&M €/kWh,,, 1414 440 1068 3.89
Depreciation & Financing  €/kWh,, 9.85 5.03 8.19 4.21
Other Costs €/kWhe,, 53.12 1397 40.10 1349
Sum €/kWh,, 157.24 70.76 159.75 9435
Difference 1.5% IR €/kWh,,, (245) (054) (0.87) (044)
Difference 3.5% IR €/kWhe,, 116 059 096 049
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Table26 LFP and NMC 811 supply costs from a business
perspective with an interest rate of 8%
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Table 28 LFP and NMC 811 supply costs according to cost
categories on the example of 2050 with an interest rate of 8%

IR=8.0% LFP NMC811 IR=8.0% LFP NMC811

2020 2050 2020 2050 2020 2050 2020 2050
Manufacturing Capital €/kWh,, 2202 1123 1825 928 CAPEX €/kWhe,, 2202 1123 1825 928
Cells €/kWh,,, 4596 3188 4662 3502 OPEX €/kWh,, 14317 6358 14808 8842
Pack Components €/kWhg,, 025 020 2607 2515  Consumables—Cells €/kWh,,, 4596 3188 4662 3502
Labor €/kWh,, 1961 790 1618 646 Consumables—Pack €/kWhg,, 025 020 2607 2515
Utilities €/kWhe,, 025 020 025 0.20 Operation & Maintenance  €/kWh,, 8712 2646 6720 2404
O&M €/kWhg,, 1414 440 1068  3.89 Depreciation & Financing ~ €/kWh,,  9.85 503 819 4.21
Depreciation & Financing ~ €/kWh_,,  9.85 503 819 421 Sum €/kWh,, 16519 7481 16633 97.70
Other Costs €/kWhCap 53.12 1397  40.10 1349 Difference 1.5% IR €/kV\/hCap (1.77) (0.90) (147) (0.75)
Sum 165.19 7481 16633 97.70 Difference 3.5% IR €/kWh,, 195 0.99 161 0.82
Difference 7% IR €/kWh,, (1.77) (0900 (147)  (0.75)

Difference 9% IR €/kWh,, 195 0.99 1.61 0.82

Table 27 LFP and NMC 811 supply costs according to cost
categories on the example of 2050 with an interest rate of 2.5%

IR=2.5% LFP NMC811
2020 2050 2020 2050
CAPEX €/kWh,, 1407 718 1166 593
OPEX €/kWh,, 143.17 6358 14808 8842
Consumables—Cells €/kWh,, 4596 3188 4662 3502
Consumables—Pack €/kWh,, 025 020 2607 2515
Operation & Maintenance  €/kWh,, 87.12 2646 6720  24.04

Depreciation & Financing ~ €/kWh,,,  9.85 503 819 4.21
Sum €/k\/\/hCap 15724 7076 15975 9435
Difference 1.5% IR €/kWh,, (245 (054 (087) (044)
Difference 3.5% IR €/k\/\/hCap 1.16 059  0.96 049

Results for patent analysis

A detailed overview of the methodology and the used
software can be found in [83]. It has to be mentioned
that patents for the different countries are allocated via
fractional counting. This stems from the fact, that most
patents include inventors from more than one coun-
try. Here the patents are equally distributed for each
inventor.

See Tables 29, 30 and 31.
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Table 29 Yearly patent growth of pyrolysis and gasification technologies for biomass. The column “Country” contains the patents per
year and corresponding country. The column "Patent growth" reflects the annual change of activities for all countries (based on [83])

Year Country Total Patent growth
DE CN us JP GB AU Annual change (%)
1995 2 0 1 0 0 0 3 100
1996 0 0 2 0 0 0 2 —33
1997 1 0 0 0 0 0 1 —67
1998 0 0 0 2 0 0 2 0
1999 1 0 0 4 0 0 5 92
2000 0 0 1 7 0 0 8 — 21
2001 3 0 0 2 0 0 5 — 44
2002 0 1 0 4 1 0 6 121
2003 4 1 1 8 0 0 14 36
2004 2 0 0 9 1 0 12 —10
2005 1 0 3 1 1 0 16 51
2006 4 3 1 9 0 0 17 9
2007 3 10 3 9 0 0 25 53
2008 0 9 3 9 0 2 23 110
2009 3 28 2 9 0 1 43 22
2010 6.7 14 59 3 0 0 295 — 28
2011 1 13 3 4 1.5 0.5 23 0
2012 1 20 5 3 0 0 29 — 14
2013 13 22 76 6 1 0 38 12
2014 0 216 84 2 1 1 34 —1
2015 1 38 4 3 1 1 48 - 21
2016 0 356 04 3 2 0 41 —4
2017 0 46 2 0 0 0 48 -73
2018 0 19 0 1 0 0 20 — 87
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Table 30 Yearly patent growth of AWE. The column “Country” contains the patents per year and corresponding country. The column
"Patent growth" reflects the annual change of activities for all countries (based on [83])

Year Country Total Patent growth
DE JP CN uUs FR KR Annual change (%)
1995 0 1 0 0 0 0 1 0
1996 0 1 0 0 0 0 1 —50
1997 0 1 0 0 0 0 1 —67
1998 0 3 0 0 0 0 3 —50
1999 0 0 0 1 03 0 13 100
2000 1 0 0 0 0 0 1 0
2001 0 1 0 0 1 0 2 -1
2002 0 1 0 0 0 0 1 —88
2003 1 1 0 1 0 0 3 1
2004 2 0 0 0 1 0 3 -7
2005 0 0 1 1 0 0 2 33
2006 0 0 1 1 1 0 3 5
2007 1 0 2 0 0 0 3 —30
2008 0 2 0 1 0 0 3 — 62
2009 0 0 2 1 0 0 3 —50
2010 0 3 1 0 0 0 4 — 64
2011 0 1 0 0 1 1 3 30
2012 0 1 1 0 1 0 3 —63
2013 0 6 0 0 0 0 6 —-73
2014 0 2 7 0 0 2 11 22
2015 0.2 4 3 1 0 2.8 1 -3
2016 0 4 3 3 0 0 10 —43
2017 1 3 3 0 0 3 10 -29
2018 2 5 4 0 0 0 M —49
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Table 31 Yearly patent growth of Li-lon batteries. The column “Country” contains the patents per year and corresponding country. The
column "Patent growth" reflects the annual change of activities for all countries (based on [83])

Year Country Total Patent growth
DE JP CN us KR FR Annual change (%)

1995 0 0 3 0 0 3 0

1996 0 1 0 3 0 0 4 50

1997 0 3 1 4 0 0 8 115

1998 0 5 0 2 4 0 11 72

1999 1 6 0 6 3 1 17 316

2000 0 8 0 4 4 0 16 —11

2001 0 15 1 6 3 0 25 32

2002 0 3 3 1 2 0 9 —-17

2003 4 21 9 9 0 51 135

2004 0 16 1 4 9 0 40 3

2005 2 20 10 3 14 1 50 114

2006 1 25 9 8 36 0 79 8

2007 1 40 12 6 25 1 85 58

2008 6 34 8 9 10 2 69 72

2009 7 50 9 8 17 0 91 —-12

2010 25 95 17 26 9 0 172 31

2011 33 128 43 17 15 1 237 58

2012 44 137 45 12 15 5 258 88

2013 54 209 83 34 21 9 409 110

2014 87 163 82 31 35 7 404 58

2015 22 174 77 19 31 4 327 —-12

2016 16 235 161 43 34 4 492 1

2017 13 215 126 27 20 2 402 —38

2018 16 186 93 20 28 2 344 — 48

Caste study “Synthe,fic biofuelsfor mobility” Case study indicator system; S-LCA: Social life cycle assessment; TC: Total costs; TCO: Total

“Hydrogen from wind power for mobility” Case study ~ cOt of ovnership; Us:United States.

“Batteries for stationary energy storage”
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