
Technische Universität München
Fakultät für Elektrotechnik und Informationstechnik

Lehrstuhl für Energiewirtschaft und Anwendungstechnik

Development of Instruments
for a Circular Energy Economy

Potential of the Circular Economy to Reduce
the Critical Resource Demand and Climate Impact of Electric Vehicle Batteries

Anika Regett

Vollständiger Abdruck der von der Fakultät für Elektrotechnik und Informationstechnik der
Technischen Universität München zur Erlangung des akademischen Grades eines

– Doktor-Ingenieurs –

genehmigten Dissertation.

Vorsitzender: Prof. Dr.-Ing. Andreas Jossen
Prüfer der Dissertation: 1. Prof. Dr.-Ing. Ulrich Wagner

2. Prof. Dr. rer. nat. Liselotte Schebek

Die Dissertation wurde am 13.11.2019 bei der Technischen Universität München
eingereicht und durch die Fakultät für Elektrotechnik und Informationstechnik am

17.03.2020 angenommen.





Danksagung

Da hinter einer Promotion mehr als nur der Name auf dem Titelblatt steckt, möchte ich mich
hiermit ganz herzlich bedanken: Bei meinem Doktorvater Prof. Ulrich Wagner für die Betreuung
meiner Doktorarbeit und die Begleitung meines beruflichen Weges; bei Prof. Wolfgang Mauch
für die Unterstützung bei der Themenfindung und den bedingungslosen Rückhalt in den letzten
Jahren; bei der Stiftung Energieforschung Baden-Württemberg und der Hans und Klementia
Langmatz Stiftung, die dieses Promotionsprojekt ermöglicht haben; bei meiner Zweitprüferin
Prof. Liselotte Schebek und bei meinem Mentor Prof. Mario Schmidt für die inhaltlichen Impulse
und kritischen Diskussionen; sowie bei meinen ehemaligen Kolleginnen und Kollegen der Uni
Bremen, der Chalmers Universität, der Uni Leiden und der TU Delft, die mich für diese Themen
und Methoden begeistert haben. Ein ganz besonderer Dank gilt zudem meinen Kolleginnen und
Kollegen sowie den Studierenden an der FfE für die wunderbare Zusammenarbeit, die angeregten
Diskussionen, die intensiven Workshops und Tagungen, die gegenseitige Unterstützung und
natürlich die Vielzahl an Freizeitaktivitäten - ohne dieses unschlagbare Team wäre das alles nicht
möglich gewesen! Schließlich möchte ich meiner Familie von ganzem Herzen dafür danken,
dass sie rechtzeitig die Weichen für diese Doktorarbeit gestellt und mich an jeder Kreuzung
dabei unterstützt hat, die für mich richtige Abzweigung zu wählen. Und dir, Ole, danke ich ganz
besonders dafür, dass wir diesen langen Promotionsweg mit all den Tälern und Gipfeln stets
zusammen gegangen sind.

i





Abstract

The circular economy (CE) is often proposed as a possible solution to counteract resource and
environmental risks caused by the energy transition. In addition to recycling, it comprises
approaches such as efficiency measures, renewable energy, sharing concepts and Second-Life
(SL) applications. However, the actual potential of these CE approaches to reduce greenhouse
gas (GHG) emissions and critical resource demand, depends on their technical feasibility,
technological developments, interactions with the energy system as well as barriers to practical
implementation. Therefore, the aim of this thesis is to develop a method to systematically assess
the potential of CE approaches to reduce the critical resource demand and climate impact of
future key technologies, and apply it to the case of electric vehicle (EV) batteries.

To this end, first, current climate and resource implications of EV batteries are identified based on
recent literature to prove the need for a detailed assessment of CE approaches. Then, the technical
feasibility of CE approaches for EV batteries is evaluated by matching the battery’s characteristics
with the requirements of CE approaches. Next, the selected, technically feasible CE approaches
are assessed with regard to their critical resource and GHG emission savings. In this context,
due to the integration of EV batteries in an increasingly complex energy system, assessment
methods are developed which include future developments and energy system effects. Finally, the
implementation potential is discussed by quantifying the economic feasibility of SL applications
for EV batteries and identifying additional critical success factors for the implementation of CE
approaches by the relevant stakeholders.

This procedure results in a set of instruments which include technological developments and
interactions with the transforming energy system into emission and resource assessments. These
instruments encompass procedures for dealing with uncertainties about future developments,
methods for emission accounting and for the coupling of environmental assessment methods with
battery and energy system models. The quantitative application for the selected CE approaches
shows that the climate impact of battery production can be improved through energy efficiency
and renewable energy, since scale and energy supply of the production plant are important
determinants. It is further outlined that EVs must be accompanied by the expansion of renewable
energy systems and optimised load management to fully exploit the advantages of electric
mobility in the use phase. Since SL batteries do not automatically lead to critical metal and cost
savings, ageing behaviour, time dependencies and substitution effects need to be considered in
the implementation of CE concepts at the End-of-Life. Overall, the CE offers potentials to reduce
the climate impact and critical metal demand for EV batteries, if current barriers are removed
and a cooperation between the energy and mobility sectors is achieved. However, the actual
effect depends on energy system interdependencies and future technological developments. Thus,
a prospective approach over the entire life cycle is required when assessing GHG abatement
measures, such as EVs, and the saving potential through the CE.
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Kurzfassung

Die Kreislaufwirtschaft wird oft als mögliche Lösung vorgeschlagen, um dem Auftreten neuer
Ressourcen- und Umweltrisiken durch die Energiewende entgegenzuwirken. Neben Recycling
umfasst diese auch Ansätze wie Effizienzmaßnahmen, erneuerbare Energien, Sharing-Konzepte
und Second-Life (SL)-Anwendungen. Das tatsächliche Potenzial von zirkulären Ansätzen
Treibhausgas (THG)-Emissionen und den kritischen Rohstoffbedarf zu reduzieren, hängt jedoch
von deren technischer Machbarkeit, technologischen Entwicklungen, Wechselwirkungen mit dem
zukünftigen Energiesystem sowie Umsetzungshemmnissen ab. Ziel dieser Arbeit ist es daher eine
Methodik zu entwickeln, die eine systematische Bewertung des Potenzials von zirkulären Ansätzen
zur Reduktion des kritischen Rohstoffbedarfs und der Klimawirkung von Schlüsseltechnologien
ermöglicht, und diese am Beispiel Elektrofahrzeugbatterien anzuwenden.

Hierfür werden zunächst der kritische Rohstoffbedarf und die Klimawirkung von Elektro-
fahrzeugbatterien auf Basis aktueller Literatur identifiziert, um die Relevanz einer detaillierten
Bewertung von zirkulären Ansätzen für Batterien aufzuzeigen. Daraufhin wird die technische
Machbarkeit von zirkulären Ansätzen analysiert, indem die Eigenschaften von Traktionsbatterien
den Anforderungen der zirkulären Ansätze gegenübergestellt werden. Anschließend werden
die ausgewählten, technisch realisierbaren Ansätze hinsichtlich der Einsparung an kritischen
Rohstoffen und THG-Emissionen bewertet. Aufgrund der Integration von Elektrofahrzeugen in
ein immer komplexer werdendes Energiesystem, werden hierfür Bewertungsmethoden entwickelt,
die sowohl zukünftige Entwicklungen als auch Energiesystemeffekte berücksichtigen. Ab-
schließend wird das Umsetzungspotenzial eingeordnet, indem die Wirtschaftlichkeit ausgewählter
zirkulärer Ansätze für Elektrofahrzeugbatterien bestimmt und weitere kritische Faktoren für die
umsetzenden Akteure identifiziert werden.

Aus diesem Vorgehen resultiert ein Satz an Instrumenten, die technologische Entwicklungen und
Wechselwirkungen mit dem sich wandelnden Energiesystem in die Emissions- und Ressourcenbe-
wertung einbeziehen. Die entwickelten Instrumente umfassen Verfahren zum Umgang mit
Unsicherheiten bezüglich zukünftiger Entwicklungen, Methoden zur Emissionsbilanzierung und
zur Kopplung von Umweltbewertungsmethoden mit Batterie- und Energiesystemmodellen. Die
quantitative Anwendung auf die ausgewählten zirkulären Ansätze zeigt, dass die Klimawirkung
der Batterieproduktion durch Energieeffizienz und den Einsatz erneuerbarer Energien verbessert
werden kann, da die Größe und die Art der Energieversorgung der Produktionsanlage wichtige
Einflussfaktoren darstellen. Es wird weiterhin aufgezeigt, dass Elektrofahrzeuge mit dem Ausbau
von erneuerbaren Energien und einem optimierten Lademanagement einhergehen müssen, um die
Vorteile der Elektromobilität in der Nutzungsphase voll auszuschöpfen. Da SL-Anwendungen
nicht automatisch zu kritischen Rohstoff- und Kosteneinsparungen führen, müssen bei der
Umsetzung von zirkulären Konzepten am Lebensende Alterungsverhalten, Zeitabhängigkeiten
und Verdrängungseffekte Berücksichtigung finden. Insgesamt bietet die Kreislaufwirtschaft,
im Falle eines Abbaus aktueller Hemmnisse und einer engeren Zusammenarbeit zwischen der
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Energiewirtschaft und dem Verkehrssektor, Potenziale zur Reduktion der Klimawirkung und
des kritischen Rohstoffbedarfs für Elektrofahrzeugbatterien. Die tatsächliche Auswirkung hängt
jedoch stark von Wechselwirkungen mit dem Energiesystem und zukünftigen technologischen
Entwicklungen ab. Daher ist bei der Bewertung von Klimaschutzmaßnahmen, wie beispielsweise
Elektrofahrzeugen, sowie dem Einsparpotenzial durch zirkuläre Ansätze ein prospektiver Ansatz
über den gesamten Lebenszyklus unbedingt erforderlich.
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1 Introduction

Based on the motivation in Section 1.1, the research objective and specified research questions of
the present thesis will be presented in Section 1.2.

1.1 Motivation

While reducing the demand for fossil fuels and contributing to climate protection, the energy
transition requires new technologies, e.g. lithium-ion (Li-ion) batteries, photovoltaic (PV) systems
and wind power plants, which themselves are not burden-free, but also have an environmental
impact [1], [2] and resource footprint [3, p. 11], [4, pp. 158–160]. In this regard, especially
the increasing demand for metals such as cobalt (Co), lithium (Li), platinum, indium and rare
earth elements is often discussed [3, pp. 13–15], [5, pp. 9–10], [6, pp. 25–30], [7, pp. 11–14],
since these metals can be classified as critical if their provision is associated with supply risks
or environmental implications [8]. Thus, in order to counteract the occurrence of new resource
risks and environmental side effects due to the energy transition, measures are needed to reduce
the demand for so-called critical metals and the environmental impact of key technologies for
future energy supply.

As outlined by the application-related emission balance in [9], one of the major contributors to
climate change in Germany is the transport sector. In 2016, for example, 27 % of the energy-
related CO2 emissions in Germany could be attributed to mechanical energy for transportation.
From the historical development of the emission balance in [9], it can further be seen that the
emissions for mechanical energy have stagnated in the past decade. Against this background,
the role of electric vehicles (EVs) as one option for greenhouse gas (GHG) abatement in the
transport sector gains importance [10], [11].

Apart from preventing local emissions by eliminating the combustion process in the vehicle, one
of the main advantages of EVs is the high efficiency of the drive train, which in most cases leads
to lower operational GHG emissions compared to an internal combustion engine vehicle (ICEV)
[12, p. 4–6], [13, pp. 685–686], [14], [15, pp. 28–31]. However, this advantage in the use phase
is currently reduced by the demand for critical metals, especially Co and Li [16, pp. 34–35], as
well as the carbon intensity of battery production [17, pp. 57–59], [12, p. 4–6].

In this context, the recent debate about the actual environmental impact of EV batteries is often
unobjective and not fact-based. The results of the study of the Swedish Environmental Research
Institute (IVL) [18], for example, raised controversies resulting in wide discussions and a lot of
media attention. This was followed by a statement from the IVL to rectify misinterpretations of
their study as well as a large number of other studies and articles about the carbon footprint of
EVs such as [15, 17, 19, 20]. The partly opposing results of these assessments show that the exact
carbon footprint of electric mobility is strongly dependent on the assumed boundary conditions.

1
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However, in general, these studies indicate that the environmental advantage of an EV in the use
phase is currently reduced by the climate and resource implications of battery production.

The circular economy (CE), as a counterpart to the current linear economic system, is often
proposed as a means to reduce resource demand, decrease environmental impacts and create new
opportunities for value creation [21, p. 4], [22, p. 2], [23, p. 12], [24, p. 4]. According to this
understanding, the CE covers more than just recycling, since it targets all phases of the life cycle
of a product or technology. This means that, apart from resource recovery, approaches from the
CE also include the renewable and efficient supply of resources, the increased utilisation during
the use phase as well as the extension of the technology’s lifetime at its End-of-Life (EoL) [25,
pp. 8–15], [23, p. 24], [24, p. 12]. Against this background, the question arises, to what extent
CE approaches can lead to a reduction of critical metal demand and GHG emissions over the
entire life cycle of Li-ion traction batteries, as a key component in EVs.

Existing publications explicitly dealing with the CE for EV batteries such as [26–31] cover
different aspects in their evaluations. Hill et al. [26], for example, give a broad overview of
technologies, environmental impacts, business models and policy implications across all life
cycle phases of the EV battery. While the overview in [27] also builds on existing studies and
comprises all phases of the vehicle’s life cycle, here, the focus is on the environmental impact
and the discussion of possible improvements through the CE. Other publications, on the contrary,
focus on EoL approaches. Olsson et al. [28], for instance, identify barriers and opportunities for
the implementation of so-called Second-Life (SL) applications and recycling based on interviews
and workshops. Drabik and Rizos [29], on the contrary, use a quantitative scenario approach
to estimate the impact of battery recycling on the economy and the climate. A more detailed
quantification of the environmental impact of EoL approaches, such as reuse in mobile or stationary
applications as well as recycling, is conducted by Richa et al. [30]. While the authors point out
the time lag resulting from the lifetime extension of the EV battery in a secondary application,
time dependencies are not included in the quantification of environmental impacts. The need
to include time frames and system dynamics into the assessment of reuse, remanufacturing
and recycling of EV batteries is also emphasised by Kurdve et al. [31]. However, so far, time
dependencies, interactions with the energy system as well as interdependencies between different
CE approaches have only been addressed to a limited extent in current assessments.

Importantly, to quantify the actual potential of the CE to reduce critical metal demand and GHG
emissions of EV batteries, only a static assessment is not sufficient. This is, on the one hand, due
to the fact that EV batteries and the underlying energy system are still undergoing a development
process [32] and the battery’s lifetime extension leads to temporal shifts [30], suggesting that
time dependencies need to be accounted for. On the other hand, energy system effects need to be
included in the assessment because CE approaches for EV batteries, such as reuse in stationary
storage applications, lead to an increased coupling of the transport and the energy sectors [33,
pp. 46-71]. This is especially relevant as the future energy system becomes increasingly complex
due to a rising share of volatile renewable electricity as well as an increased coupling of energy
carriers through Power-to-X (PtX) technologies [10, 34, 35].
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1.2 Objective and Research Questions

1.2 Objective and Research Questions

As elaborated on in Section 1.1, the CE is often proposed as a means to reduce the climate and
resource impact of technologies such as Li-ion traction batteries. However, the actual potential
of these CE approaches to reduce GHG emissions and critical resource demand depends on
the technology’s current climate and resource implications, the technical feasibility of these
approaches, technological developments, interactions with the future energy system as well as
barriers to their practical implementation. Therefore, the aim of this thesis is to develop a method
to systematically assess the potential of approaches from the CE (short: CE approaches) to reduce
critical resource demand and GHG emissions, and apply it to Li-ion traction batteries used in
battery-electric passenger cars (short: EV batteries).

To this end, this thesis is divided into five parts. First, a methodology is described which allows
for a systematic assessment of CE approaches to reduce critical resource demand and GHG
emissions. Second, the current climate and critical resource implications of EV batteries are
identified to prove the technology’s relevance for a further assessment of CE approaches. Then,
in a third step, the technical feasibility of CE approaches for EV batteries is analysed. Fourth,
the identified, feasible CE approaches are assessed with regard to their critical resource and
GHG emission savings. In this context, due to the integration of EV batteries in a changing
and increasingly complex energy system, there is a special need to move towards more dynamic
assessment methods which include energy system effects as well as future developments. Finally,
in the fifth step, the implementation potential is discussed by evaluating the economic feasibility
of a selected CE approach for EV batteries and identifying other critical factors for practical
implementation through the relevant stakeholders.

In concrete terms, this objective can be translated into the following research questions:

1. How can the potential of CE approaches to reduce critical resource demand and GHG
emissions be systematically assessed?

2. What are the current climate and critical resource implications of EV batteries?

3. Which CE approaches are technically feasible for EV batteries?

4. To what extent can these CE approaches lead to savings of GHG emissions and critical
resource demand for EV batteries, when considering future developments and energy
system effects?

5. What are current barriers and success factors determining the practical implementation
potential of CE approaches for EV batteries?
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2 Methodology

To achieve the research objective described in Section 1.2, the method in Figure 2–1 was developed
and applied to EV batteries. Analogous to the research questions 2 to 5, the methodology and
the following chapters are structured around four topics. For each topic, the respective research
question is answered by developing and applying different methods and instruments as depicted
in Figure 2–1.

Climate and Resource Implications: To prove the relevance of EV batteries for further
assessment, in Chapter 3, an overview of the current climate and resource implications of EV
batteries is given. For this purpose, a resource criticality screening procedure is developed based
on existing methods from literature which aim at classifying the criticality of different resources.
This procedure is subsequently applied to EV batteries to identify the reasons for their resource
criticality. Furthermore, based on an application-oriented emission balance, the relevance of
electric mobility for GHG abatement is shown. In addition, the current climate impact of EV
batteries is discussed based on a literature overview of the Life Cycle Assessment (LCA) of EV
batteries. The generated insights with regard to the climate and resource implications of EV
batteries emphasise the importance of a further assessment of the potential of CE approaches to
reduce GHG emissions and critical metal demand.

Feasibility of Circular Economy Approaches: As EV batteries are classified as resource-
critical and show improvement potential with regard to their climate impact, in a next step, the
technically feasible CE approaches in each life cycle phase are identified in Chapter 4. For the
implementation of CE approaches, certain requirements, such as modularity and accessibility
of the technology, need to be met. Therefore, for each CE approach, first, these requirements
are identified using the definition of CE approaches derived from literature. Then, for each life
cycle phase, the characteristics of EV batteries are matched with the identified requirements of
the respective CE approach, to determine and select technically feasible approaches for further
analysis.

Greenhouse Gas Emission and Critical Resource Savings: In Chapter 5, for the identified
CE approaches over the life cycle of an EV battery, an assessment of the potential reduction of
GHG emissions and critical metal demand is conducted. For each of the selected CE approaches,
in a first step, the main challenge for emission and resource assessment is identified based on
current literature. Using this input, next, an instrument is developed which addresses the identified
challenge. In a third step, the developed instrument is applied to an application example. This
example serves, on the one hand, the improvement of the instrument in an iterative loop, and on
the other hand, the quantification of the potential of the respective CE approach to reduce GHG
emissions and critical resource demand. This procedure is then repeated for each of the chosen
CE approaches, resulting in a set of instruments for emission and resource assessment of CE
approaches for EV batteries. These developed instruments can be procedures for dealing with
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Figure 2–1: Method to assess the potential of approaches from the circular economy to reduce
the critical resource demand and climate impact of electric vehicle batteries

6



uncertainties of future technological developments, methods for emission accounting as well as
for the coupling of environmental assessment methods with battery and energy system models.

Implementation Potential: After analysing the potential for critical resource and GHG emission
savings, in Chapter 6, the potential for a practical implementation of CE approaches for EV
batteries is discussed. First, to demonstrate the opportunities and challenges for an economic
implementation of CE approaches, the economic feasibility of a selected CE approach for EV
batteries is determined. This is done by quantifying both cost savings from a system perspective
and profitability from a stakeholder perspective. For this purpose, in addition to classical
economic evaluation methods, selected instruments and results from Chapter 5 are also used.
Second, based on current literature as well as results from interviews and a written survey, critical
success factors for the implementation of circular business models for EV batteries are derived.

Based on the generated results, finally in Chapter 7, a conclusion is drawn with regard to the
potential of CE approaches to reduce the critical resource and climate impact of EV batteries.
Furthermore, an outlook of future research needed to establish a circular energy economy is
provided.
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3 Climate and Critical Resource Implications of Electric Vehicle
Batteries

Starting point for assessing the potential of the CE is the identification of the current impact of
EV batteries on climate change and critical metal demand. Therefore, in Section 3.1, first, an
overview of the climate implications of battery-electric mobility is given. Then, in Section 3.2
the resource criticality of Li-ion batteries is discussed.

3.1 Climate Implications of Battery-Electric Mobility

After outlining the relevance of electric mobility for reaching climate targets in Subsection 3.1.1,
in Subsection 3.1.2 an overview of the current status quo with regard to the climate impact of
battery-electric vehicles (BEVs) in general, and traction batteries in particular, is given.

3.1.1 Relevance of Electric Mobility for Greenhouse Gas Abatement

In the course of the energy transition (“Energiewende”), the German energy system is being
transformed with the aim of phasing out nuclear and coal electricity, and reducing GHG emissions.
The German government has set itself the target of reducing GHG emissions by 80 % to 95 % by
2050 compared to 1990 [36, p. 91]. With the adoption of the Paris Climate Agreement [37], the
international community added weight to Germany’s efforts by committing itself to a significant
reduction in GHG emissions.

A recent progress report [38] shows that emission reductions in Germany are currently mainly
achieved in the energy supply sector, which is largely covered by the European Union Emissions
Trading System. The share of renewable energy sources in gross electricity consumption, for
example, was increased to 36 % in 2017, with a further upward trend [38, p. 6]. However, on
the application side, i.e. in the consumption sectors transport, private households, industry as
well as trade, commerce and services (TCS), the implementation of GHG abatement measures
progresses slowly.

Emission balances are usually determined according to the so-called “source principle”, meaning
emissions are accounted for in the sector where they physically occur. However, the basis for
achieving a significant emission reduction is the identification of those applications which are
responsible for a large share of the energy demand, and thus also the associated emissions (“cause
principle”). Therefore, the approach of the application-oriented emission balance described in [9,
38, 39] was developed in the course of the project Dynamis [10], by means of which the biggest
levers for GHG abatement in the consumption sectors can be identified. By showing the historical
development of the emission intensity of the analysed applications (mechanical energy, process
heat, space heating, lighting, hot water, information and communications technology (ICT),
process cold and space cooling), furthermore, areas with currently low reduction achievements
can be pointed out. As depicted in Figure 3–1, following this method the emissions associated
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Figure 3–1: Data basis and calculation procedure for the application-oriented emission balance
based on [9, p. 2] (AGEB: Working Group on Energy Balances, UBA: German
Environment Agency, BMWi: Federal Ministry for Economic Affairs and Energy)

with the supply of electricity, district heat and fuels are first quantified following the source
principle, and are then assigned to the different sectors according to their final energy demand.

As described by Pichlmaier, Regett and Guminski [9, pp. 2–3], first, emission factors of district
heating and electricity are determined using the German energy balances from 2006 to 2016
from the Working Group on Energy Balances (AGEB) [40] and the combustion-related emission
factors from the German Environment Agency (UBA) [41, pp. 822–825]. These emission factors
then serve as an input for calculating the emissions for the supply of other fuels. In a next step,
the computed emissions for fuel supply are allocated to the consumption sectors in proportion
to the sector’s demand for gas-, coal- and oil-based fuels from [40]. Equally, the emissions
originating from the generation of electricity and district heating are assigned to the different
sectors in proportion to their final demand for electricity and district heat. In a next step, these
emissions occurring in the supply sector are combined with the emissions occurring in the
consumption sectors due to fossil fuel combustion so as to quantify the emission balance by
sector. For this purpose, the energy demand by sector and energy carrier from [40] is combined
with the combustion-related emission factors from [41]. Finally, the share of applications in
energy demand per energy carrier and sector from the Federal Ministry for Economic Affairs and
Energy (BMWi) [42, Energy Data, Tables 7a, 7b] is made use of to assign the sectoral emissions
to the different applications. Due to the strong dependency on outside temperatures the emissions
for space heating are temperature adjusted according to the method described in [43].

In Figure 3–2 the resulting application-oriented emission balance for 2016 is shown, which only
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Figure 3–2: Energy-related CO2 emissions by sector and application for Germany in 2016 [9]

accounts for energy-related CO2 emissions. However, as energy-related CO2 emissions made up
83 % of total GHG emissions in Germany in 2016 [44], a large share of total emissions is covered.
As Germany was a net exporter of electricity in 2016, those emissions allocated to the export
surplus are not included in the depicted emission balance. From the results in Figure 3–2 it can
be seen that with a share of 27 % mechanical energy in the transport sector strongly contributes
to energy-related CO2 emissions in Germany. This is mainly due to the combustion of oil-based
fossil fuels for road transport.

The historical development of energy-related CO2 emissions for the four most emission-intensive
applications is depicted in Figure 3–3. It can be seen that the emissions for space heating and
lighting have been reduced by over 20 % between 2006 and 2016. This is due to increasing
insulation and a switch from oil- to gas-based heating systems in the case of space heating, and a
decreasing emission factor of electricity in the case of lighting. However, for process heat and
mechanical energy, which are the largest contributors according to Figure 3–2, the emissions
have stagnated in the considered decade. Thus, to reach future climate targets stronger efforts are
required especially in these applications.

To decrease emissions for mechanical energy in the transport sector there are several options
available. In addition to a decrease in transport service, a modal shift and the use of renewable
fuels, this also includes the switch to fuel cell or battery electric vehicles. As shown in [10], BEVs
are an important measure for reducing energy-related CO2 emissions for road transport. However,
for an holistic assessment the climate impact over the whole life cycle needs to be considered.
Therefore, in the following, an overview of the climate impact of BEVs, and especially the
contained Li-ion traction batteries, is given.
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Figure 3–3: Change in energy-related CO2 emissions in comparison to the base year 2006 for
selected applications in Germany based on [9]

3.1.2 Status Quo: Climate Impact of Battery Electric Vehicles

Recent overviews and analyses of the climate impact of BEVs, such as [13] and [17], show that
the actual carbon footprint of a BEV, and thus also its advantage over an ICEV, are strongly
dependent on a variety of parameters. This strong sensitivity of a vehicle’s carbon footprint
is confirmed by the example depicted in Figure 3–4, for which both for BEVs and ICEVs a
minimum and a maximum scenario are defined.

While the minimum scenario represents compact class vehicles (Golf and e-Golf), in the maximum
scenario upper medium class vehicles (Tesla Model X, Mercedes E-Class) are considered. These
vehicle classes differ, on the one hand, with regard to the consumption values per 100 km
which are taken from ADAC EcoTest [45]. And, on the other hand, different battery sizes are
considered, amounting to 35.8 kWh for the e-Golf and 100 kWh for the Model X. Furthermore, the
uncertainties with regard to the emissions for battery production, as outlined by Helms et al. [17,
pp. 24–27], are taken into account by assuming 50 kg CO2 equivalents (eq.) per kWh battery
capacity for the minimum scenario (range of [46] and [47]) and 200 kg CO2 eq. per kWh for the
maximum scenario (upper value from [18, p. 42]). The carbon footprint for the production of
other vehicle components from Hawkins et al. [48], on the contrary, is not varied for the two
scenarios. For a better comparability, also the conversion of vehicle kilometres into years of
operation is kept constant, with an annual mileage of German passenger cars in 2017 of 13 257 km
[49, p. 1].

To show the strong dependency of the vehicles’ climate impact on the operation phase, for the
ICEV a diesel is chosen in the minimum scenario and a gasoline vehicle in the maximum scenario.
For BEVs the impact in the operation phase is dependent on the charging electricity which in the
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Figure 3–4: Range of the climate impact of an internal combustion engine vehicle and a
battery-electric vehicle for the defined minimum and maximum scenarios

minimum scenario is assumed to be from onshore wind power and in the maximum scenario from
a lignite power plant. While for the upstream emissions in the operation phase, for both electricity
and fuels, GHG emission factors from the ecoinvent database [50, GWP100, CML 2001, cut-off
system model] are used, the combustion-related CO2 emission factors for gasoline and diesel
originate from the GHG inventory report [51, p. 812].

The results in Figure 3–4 show that especially for BEVs the range of the climate impact is large.
In the operation phase, next to the electricity consumption, the source of electricity strongly
influences the slope of the graphs and therefore the climate impact over the vehicle’s operation
time. This is underlined by the analysis by Marmiroli et al. [52] who point out that the variability
of the climate impact of BEVs in literature can to a large extent be explained by the assumed
carbon intensity of electricity. Due to the larger efficiency of the electric drive train the operational
emissions of a BEV would equal the operational emissions of a diesel and gasoline vehicle if the
emission factor of electricity amounts to as much as 0.8 kg kWh−1 and 1.5 kg kWh−1, respectively.
These values lie in the area of coal power plants, which means that even for recent electricity
mixes with significant shares of conventional power plants BEVs already outperform ICEVs in
the use phase.

For the production phase, apart from the battery size, also the carbon footprint of battery
production plays a decisive role. While Romare and Dahllöf [18, p. 42] disclose a range
of 150 kg CO2 eq. to 200 kg CO2 eq. per kWh battery capacity as a likely range, the range in
literature is with 38 kg kWh−1 to 356 kg kWh−1 [53] even wider. According to the review by
Ellingsen et al. [53], next to differences in the mass balances, this variability can be mainly
explained by the assumed energy demand for cell manufacturing and battery pack assembly. This
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is confirmed by the results of Peters et al. [54] who disclose an average of 100 kg CO2 eq. per kWh
battery capacity, with a large range of under 50 kg kWh−1 to about 350 kg kWh−1. According
to [54], this can be attributed to the different modelling approaches of energy demand during
battery manufacturing, leading to large differences in assumed energy demand. With the report
from Dai et al. [55] a new dataset for industrial plants in China is made available, which has
not been part of the previously mentioned reviews. Dai et al. [55, pp. 9–11] point out that the
energy demand strongly depends on the state of the art of the production plant considered, since
economies of scale and an efficient process design lead to a decrease in specific energy demand per
battery capacity produced. While the energy demand in older studies such as Ellingsen et al. [56]
are valid for smaller-scale plants, the disclosed dataset for the Chinese plant in [55, pp. 9–10]
holds true for current industrial plants with an annual production in the GWh range.

As with production, also the climate impact of battery recycling is subject to large uncertainties
[53]. However, the overview by Romare and Dahllöf [18, p. 36] indicates that most studies
comparing the effort for the recovery of secondary materials with the credit resulting from the
avoided production of primary materials disclose a potential for GHG emission savings. The
detailed analyses of the LiBRi, LithoRec and LithoRec II processes by Buchert et al. [57–59]
illustrate that these savings strongly depend on the exact recycling process. The LiBRi process,
consisting of a combination of pyro- and hydrometallurgical processes (see Subsection 3.2.2),
for example, leads to an increase in emissions of 15 kg CO2 eq. per kWh battery capacity if
an additional hydrometallurgical Li recovery takes place. However, the same process without
the additional process step leads to a reduction in GHG emissions of 9 kg kWh−1 [57, pp. 23,
41, 49]. This is mainly due to the low technical maturity of the process for Li recovery. The
LithoRec process, which consists of mechanical separation and hydrometallurgical processes
(see Subsection 3.2.2), on the contrary, leads to GHG emission savings of 12 kg kWh−1 and
24 kg kWh−1 for nickel-manganese-cobalt (NMC) and lithium-ion-phosphate (LFP) batteries,
respectively [58, pp. 20, 66, 70]. Assuming the same energy density as in [58, pp. 20], the
LithoRec II process even leads to savings of 32 kg kWh−1 for NMC batteries [59, p. 29]. As
outlined by Cerdas et al. [60, p. 285], the GHG emission savings through recycling are largely
determined by the materials recovered from the dismantling process, such as aluminium, steel
and copper. Furthermore, the climate impact of the recycling process depends on the quality of
the recovered materials due to the trade-off between energy demand and material quality [60,
p. 285].

Overall, it can be summarised that the bigger carbon footprint of BEVs in the production phase
can in principle be offset in the use phase due to the larger efficiency of the electric drive train.
However, the current status quo shows that there is still a large potential to improve the climate
impact of EV batteries in all phases of the life cycle to further strengthen this advantage. As,
apart from the climate impact, also the demand for critical metals is an argument often brought
forward against electric mobility, in the following Section 3.2 the resource criticality of EV
batteries is further examined.

3.2 Resource Criticality of Electric Vehicle Batteries

The criticality of a material can not simply be explained by its physical scarcity, but is determined
by its supply risks, the vulnerability of the economic system to supply restrictions and its
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environmental implications [8]. As the classification as a critical material strongly depends on
the chosen criticality method, in Subsection 3.2.1, first, existing concepts for the assessment of
resource criticality are briefly summarised, and are then aggregated into a simplified and practical
criticality screening procedure. In Subsection 3.2.2 this procedure is then applied to outline the
criticality of Li-ion traction batteries. The following summary of criticality methods and the
derived criticality screening procedure is based on the description by Regett and Fischhaber [61].

3.2.1 Methods for Resource Criticality Assessment

The comparison of different criticality studies by Glöser and Faulstich [62] shows that the
criticality of a material is often classified by the probability for supply shortages (supply risks)
and the vulnerability of the system in case of supply shortages (economic importance). This
follows the understanding of risk in ISO 31000, where a risk is determined by the likelihood
of occurrence of a potential event and its consequences. Thus, a large number of criticality
assessments, for example by the European Commission [63, 64] and by Erdmann et al. [65],
determine the criticality by means of a criticality matrix, according to which a raw material is
classified as critical if it is characterised both by a high supply risk and an economic importance.

As these two dimensions solely represent economic risks, an environmental dimension is added
by Graedel et al. [8] who set up a criticality space by adding an environmental axis to the
criticality matrix. The criticality can then be derived from the length of the vector. According
to the European Commission [64, p. 32], however, a raw material is defined as critical if the
raw material is of economic importance and the access is either characterised by a supply or
an environmental risk. Also Glöser und Faulstich [62] argue that there is no additive relation
between these risks and therefore other parameters such as environmental, price and social risks
should be considered separately from the supply risk.

Since, next to cost effectiveness and security of supply, environmental protection is another
important goal of German energy policy [66], hereafter the economic importance as well as
supply and environmental risks are taken into consideration. To make the abstract criticality
concepts more tangible, in the following, specific criteria are defined which must be fulfilled by
an energy technology in order to be classified as critical:

• The technology plays an important role for the future energy system

• and leads to a strong increase in demand of metals

• which come along with either supply or environmental risks

• and are currently characterised by a limited substitutability and recyclability.

Based on these criteria the procedure for a simplified criticality assessment of key technologies
for the decarbonisation of the energy system depicted in Figure 3–5 has been derived. It should
be noted that the purpose of the developed criticality screening procedure is not the quantification
and comparison of the absolute criticality of different metals. It should rather be understood
as a practical guideline to identify critical technologies and to understand the reasons for the
criticality of contained metals based on existing literature. The procedure consists of three main
steps which are briefly described in the following.

15



3 Climate and Critical Resource Implications of Electric Vehicle Batteries

Key technology for

decarbonising the

energy system?

Contained metals and

substitutes?

Environmental and

supply risks of metals?
Critical metals

Key technology

Yes

Importance for future energy system P

Increasing demand P 

Limited substitutability (technology level) P

Yes

Supply and/or environmental risks P 

Limited substitutability (material level) P

General recycling

rates of critical metals

Recyclability?

Resource critical key

technology

Challenges Limited recyclability P

State of the art of

technology-specific

recycling system

Figure 3–5: Procedure for a criticality screening of key technologies for the decarbonisation of
the energy system

Key Technology: First, it needs to be determined whether the technology to be assessed
constitutes a key technology for the decarbonisation of the energy system as the overarching
aim. For this purpose, the following definition needs to be fulfilled: “Key technologies are
technologies which until 2050 play an increasingly important role for the provision of electricity,
heat and mobility, while considering the political goal of the German government of reducing
GHG emissions in 2050 by 80 % to 95 % compared to 1990.” If a technology meets this definition
the three criticality aspects “importance for future energy system”, “increasing demand” and
implicitly a “limited substitutability on a technology level” are fulfilled.

To identify whether a technology meets the definition, first, the application-oriented emission
balance in Figure 3–2 is used to assess whether the technology addresses a significant share of
energy-related CO2 emissions, and can therefore directly contribute to decarbonising the energy
system. In a second step, existing scenario studies on future energy systems are used to identify
the extent to which an increase in demand for the analysed technology is expected until 2050.
Lastly, the scenario studies also indicate whether there are technological alternatives available
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and, thus, provide information on the substitutability on a technology level.

Criticality of Metals: If the analysed technology meets all criteria for a key technology, in a
next step, the criticality of the contained metals are assessed. Based on a mass balance, first,
the relevant metals contained in the technology are determined. Building on recent overviews
on the criticality of metals, then, the supply and/or environmental risks of these metals are
identified, based on which the most important critical metals for the technology under assessment
are derived. In this context, also possible options for a substitution on the material level are
discussed.

Recyclability of Critical Metals: The final step of the criticality screening procedure consists
of an analysis of the recyclability of the identified critical metals. For this purpose, first, the
current recycling rates of the metals on a global scale are analysed. To identify technology-specific
challenges for the recovery of the contained critical metals, furthermore, the current state of the
art of the collection and recycling system of the technology is examined in more detail.

3.2.2 Resource Criticality of Electric Vehicle Batteries

To determine the resource criticality of Li-ion batteries for EVs, hereafter, a step-wise application
of the previously described screening procedure is carried out.

Key Technology: As shown by the application-oriented emission balance in Subsection 3.1.1,
electric mobility plays an important role for the abatement of GHG emissions in Germany. This is
emphasised by the target corridor for the year 2030 of 7 million to 10.5 million BEVs and plug-in
electric vehicles (PHEVs) defined in [67]. Also in future energy system scenarios, such as [10]
or [11], BEVs make up a significant share of the passenger car fleet. But, as illustrated by the two
scenarios in Figure 3–6, the number of EVs strongly depends on the degree of GHG abatement.
However, even for the conservative “start” scenario, with a reduction of GHG emissions of
only 65 % in 2050 compared to 1990, a significant increase in BEVs and PHEVs up to almost
9 million vehicles in 2050 can be expected. For the ambitious “fuEL” scenario, in which the 95 %
reduction target is reached, this number increases by more than factor 3 to almost 31 million
vehicles, corresponding to 75 % of the car fleet.

Apart from BEVs, other technological alternatives for GHG emission abatement in the transport
sector are fuel cell electric vehicles (FCEVs), gas vehicles and renewable liquid fuels from
biomass or electricity. However, the potential for sustainable biomass in Germany is limited [68,
pp. 165–168] and the production of gases or fuels from electricity is characterised by additional
conversion losses during the electrolysis, methanation and synthesis processes. Furthermore,
apart from being the most efficient way for integrating renewable electricity into the transport
sector, BEVs are also characterised by low CO2 abatement costs especially in car segments with
low ranges [10].

Due to the requirements with regard to energy density currently Li-ion batteries are used in BEVs.
According to the battery roadmap by Thielmann et al. [32, pp. 3, 86, 87], Li-ion batteries will
continue to play an important role in the coming decades with the potential to move towards solid
state batteries or other battery technologies in the long-term, if the required breakthroughs in
material design and production technologies are achieved.
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Figure 3–6: Stock of battery-electric and plug-in hybrid electric vehicles according to the
Dynamis scenarios [10]

Overall, it can be stated that Li-ion batteries for BEVs can be classified as a key technology as they
are expected to play an increasingly important role for the decarbonisation of the future transport
system. Furthermore, due to the advantages with regard to efficiency a limited substitutability on
the technology level is given, and a substitution of Li-ion batteries by new battery technologies is
only expected in the long-term.

Criticality of Metal Demand: As described in [69, pp. 2–8], a battery pack essentially consists
of modules, a battery management system (BMS) and a housing. While the housing comprises
the isolation, the cooling system as well as mounting systems, the BMS is an electronic
component which monitors and controls the state of charge, the remaining capacity and the
thermal management. The modules, as the core of the battery system, consist of interconnected
cells and a cell control system. The cells can be further broken down into the negative anode
and the positive cathode which each consist of an active material and a current collector. These
two electrodes are separated by an ion-conducting electrolyte and a separator which ensures the
electronic separation of the anode and cathode.

The mass balance of a Li-ion battery system with a capacity of 30 kWh consisting of an NMC
cathode and a graphite anode according to BatPac [70] is shown in Table 3–1. It can be seen that,
with a share of about 25 %, the active material for the cathode makes up the largest share.

But as illustrated in Table 3–2, the exact composition of the cathode material depends on the
cell chemistry used. It can be seen that Co and nickel (Ni) are only contained in NMC and
nickel-cobalt-aluminum (NCA) cells which are especially suitable for traction batteries due to
high energy densities [69, p. 25]. In this context, to decrease Co content and increase energy
density a recent trend to move towards NMC622, and in the future potentially to Ni-rich cell
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Table 3–1: Composition of an NMC622 traction battery with a capacity of 30 kWh according
to [70]

Material Mass in kg Share in %

Cathode material 45 25

Aluminium 36 20

Graphite 32 18

Copper 21 12

Electrolyte 20 11

Plastic 6 4

Others 17 10

types, such as NMC811 and NCA with a Ni share of more than 80 %, is observed [32, pp. 16, 22,
30]. For LFP and lithium-manganese-oxide (LMO) cells which are characterised by lower energy
densities, on the contrary, a smaller demand for the listed metals is required.

Table 3–2: Content of selected metals based on the mass balance of a 30 kWh battery from
[70] and the stoichiometry of the cathode material

Metal: Content in kg per kWh dependent on cell technology:

LFP NMC111 NMC622 NCA LMO

Lithium 0.090 0.137 0.115 0.099 0.109

Nickel - 0.349 0.528 0.667 -

Manganese - 0.327 0.165 - 0.224

Cobalt - 0.351 0.177 0.126 -

The European Commission [71, p. 2] identifies Co, Li, Ni and graphite as four important raw
materials for batteries. In the following, the focus lies on the criticality of Co and Li, since the
markets for these two metals are dominated by battery demand [16, pp. 42, 44]. Reuter et al. [16,
p. 34] identify Li and Co as especially critical for BEVs, while for graphite more flexible
production routes are available and Ni is characterised by a lower supply risk. This is confirmed
by Weil et al. [72, p. 69], who identify Co and Li as the most critical metals for EV batteries if the
future increase in demand is compared with existing reserves, as well as by Helbig et al. [73].

Contrary to common understanding, the geological availability is not the only reason for the
criticality of a metal. On the contrary, according to existing criticality analyses such as [8, 62,
63, 65] there are several other reasons leading to supply risks. Bottlenecks on the supply side
resulting from a fast increase in demand, for example, can lead to supply shortages. If the
metal is produced as a by-product, furthermore, there is a dependency of metal availability on
the development of other metal markets. In addition, the concentration of mining and refining
activities in a small number of countries and companies can pose a risk, especially if the countries
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of origin are politically unstable. Finally, these limitations on the supply side can potentially lead
to volatile price developments with price peaks posing a risk for secure metal supply.

With a static depletion time (ratio of reserves and annual production) of 58 years in 2017, the
geological availability of Co is according to [74, p. 73] not classified as alarming. However, the
German Mineral Resources Agency (DERA) [74, pp. 11–12] identifies several other reasons for
supply risks of Co. For instance, the high annual growth rates of Co demand can potentially lead
to supply risks if the planned expansion of production capacities are delayed. This is especially
relevant as Co is mainly mined in the Democratic Republic of the Congo (share of 70 % in 2017),
a country with a high geopolitical risk. And also the refinery production of Co is dominated by
a limited number of countries, with China making up a share of 60 %. Furthermore, there is
a risk resulting from the volatile Co market which has recently shown a strong increase in Co
prices by factor 3 between the end of 2016 and the beginning of 2018. In this context, Reuter et
al. [16, pp. 43, 78–79] point out the dependency of Co supply and Co prices on the development
of copper (Cu) and Ni markets, since Co is predominantly mined as a by-product. With regard to
environmental risks, the electricity-related GHG emissions for refined Co as well as the local
environmental impacts need to be considered [16, pp. 98, 123]. These local effects in connection
with the poor working conditions, especially in artisanal and small-scale mining, show the need
for establishing standards for a responsible sourcing of Co [74, p. 12].

For Li the geological availability is, with a static depletion time of more than 200 years according
to [75, p. 82], even less critical than for Co. However, also for Li several reason for supply
risks are identified by the DERA [75, pp. 9–11, 37, 50]. The Li production, for example,
shows oligopolistic structures with 80 % of global production being concentrated to only three
companies. Furthermore, with a share of 80 % Li mining is currently mainly conducted in Chile
and Australia, with a future shift towards Australia, Argentina, Canada and potentially Bolivia.
And also the processing of Li mineral concentrates to Li carbonate or hydroxide is dominated by
one region, namely Asia. To what extent the sharply increasing demand of Li for Li-ion batteries
can be counteracted by an expansion of production capacities depends on future growth rates. In
recent years, also for Li, price fluctuations could be observed. The prices of Li carbonate, for
example, doubled from 2016 to 2017 [16, p. 59]. As far as environmental risks are concerned,
Li supply is characterised by a lower energy demand and therefore also lower GHG emissions
as compared to other metals [16, p. 98]. However, in the desert region in Chile, where Li is
extracted from brine, the large water demand does not only effect the environment, but also the
drinking water supply of the local population [16, p. 121].

Recyclability of Critical Metals: The overview of global recycling rates for different metals
by Graedel et al. [76, 77] shows that the status of recycling largely differs between metals. For
example the EoL recycling rate, which is defined as the share of metals reaching their EoL being
functionally recycled, amounts to less than 1 % for Li and to above 50 % for Co [77, pp. 16, 19].
However, these values are valid for the global scale and do not differentiate between different
products and technologies. Therefore, below, an overview of the current status of the collection
and recycling of EV batteries with the focus on Germany and Europe is given.

The European directive 2000/53/EC on end-of-life vehicles, which is transferred into German
law by the “AltfahrzeugG”, requires reuse and recycling rates of 80 % of the average weight of

20



3.2 Resource Criticality of Electric Vehicle Batteries

an EoL vehicle. In addition, the batteries directive 2006/66/EC, which was transposed into the
German “BattG”, sets battery-specific collection and recycling targets. With regard to battery
collection, the EoL batteries collected must amount to at least 45 % of the mass of batteries sold
in the respective year. Concerning the recycling targets, a minimum of 50 % of the EoL batteries
reaching the recycling processes have to be recycled on a weight basis.

Currently, the overall share of EoL vehicles in Germany reaching the domestic recycling system is
low, amounting to only around 17 % in 2015 due to vehicle exports [78, p. 39]. For EV batteries,
on the contrary, analogous to recent collection rates for starter batteries, a much larger collection
rate of about 95 % of EoL batteries is assumed to be feasible [79, p. 21].

After collection, the EoL batteries are fed into recycling processes. Already today there are several
industrial recycling plants available for Li-ion battery recycling which make use of different
combinations of processes such as deactivation, mechanical treatment, hydrometallurgy and
pyrometallurgy [80, pp. 14–19]. One of the most advanced commercial process is the Umicore
process which can deal with a mix of cell chemistries and consists of a pyrometallurgical process
followed by a hydrometallurgical refining of Co and Ni, while Li used to get lost in the slag [81,
p. 23–28]. As outlined by Hanisch et al. [80, p. 1], in the past the focus of commercial recycling
processes was on the recovery of Co and Ni which is due to lower Li prices and higher material
costs. Ziemann et al. [82], for example, outline that the costs of recovering secondary Li are in
the same range as the costs of producing primary Li.

However, due to a strong increase in Li demand resulting from BEVs [82], leading to rising
prices as well other supply and environmental risks, the recycling of Li gains in importance.
Therefore, in the LiBRi project a subsequent hydrometallurgical process for the recovery of
Li from the slag of the Umicore process has been developed [81, p. 25–27]. When looking
a the recycling efficiencies of the Umicore/LiBRi process, which are defined as the share of
functionally recycled materials compared to the amount of metals reaching the recycling process
[77, p. 16], efficiencies of more than 90 % can be achieved for the materials being extracted from
the dismantling process, such as stainless steel, aluminium and copper [57, p. 33]. While the
recycling efficiency of Co from the pyrometallurgical and refining processes amounts to 94 %,
the efficiency for hydrometallurgical Li recycling in form of battery-grade Li carbonate is 56 %.
These efficiencies are derived from the inputs and credits disclosed by Buchert et al. [57, pp. 34,
36] as well as the stochiometric Li content of the resulting Li carbonate.

With the LithoRec projects an alternative recycling process, focussing on the energy-efficient
recovery of battery-grade Li, was developed [83, pp. 33-34]. Instead of making use of high
temperatures, the process mainly consists of mechanical processes for cell and cathode separation
as well as a hydrometallurgical treatment of the separated active materials to finally recover
metal compounds in battery quality [59, pp. 19-20]. While for the materials from the dismantling
process also recycling efficiencies of over 90 % are expected, the dedicated LithoRec process, in
which LFP and NMC cells have to be treated separately [83, p. 37], leads to higher efficiencies
for Li and Co recovery. Using the mass flows from Buchert et al. [58, pp. 20, 34] and the
stoichiometric Li content in the resulting Li hydroxide, for NMC batteries the Li and Co recycling
efficiencies amount to 93 % and almost 100 %, respectively. For Li from LFP batteries, on the
contrary, a slightly lower recycling efficiency of 80 % can be reached [58, pp. 20, 40].
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According to Hagelücken [84, p. 11], Umicore by now already recovers Li on an industrial scale.
However, Stahl et al. [85, p. 67] point out that the industrial-scale recovery of Li is currently still
an exception. It can be summarised that the recycling of the critical metals Li and Co from Li-ion
traction batteries is in principle technical feasible and in some cases already economically viable.
But due to the early stage of industrial maturity there are still improvement potentials especially
with regard to the energy and material efficiency of Li recovery (see also Subsection 3.1.2).

Classification of Resource Criticality: Overall, EV batteries are classified as a resource
critical technology because Li-ion batteries are the main driver for a strong increase in future
demand for Co and Li. For these two metals price increases have been observed in recent
years and the mining activities, especially in countries like Congo and Chile, are characterised
by local social and environmental issues. Furthermore, the substitutability on the technology
level is limited because alternatives such as FCEVs and synthetic fuels or gases lead to other
challenges. These include for example the increase in demand for renewable electricity due to
lower efficiencies or the increase in demand for other critical metals (e.g. platinum). On the
material level, even when moving towards innovative battery technologies, such as Li-sulphur
batteries, Li will still play an important role in the future. Despite the trend to reduce Co content
in the cathode material, a complete substitution of Co for high energy batteries is not expected in
the short- to medium-term. Finally, due to currently still low numbers of EoL traction batteries,
the industrial maturity of dedicated collection and recycling processes for Li-ion batteries from
EVs is still low, with an improvement potential especially with regard to the recycling of Li.
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4 Feasibility of Approaches from the Circular Economy

Starting with a general description of the CE, in Section 4.1 CE approaches are identified for each
phase of a technology’s life cycle and described with regard to their requirements. Based on a
brief description of the life cycle phases of EV batteries, in Section 4.2 the battery’s characteristics
are matched with the requirements of the defined CE concepts to identify technically feasible CE
approaches for EV batteries.

4.1 Background and Definition of Circular Economy Approaches

With the so-called action plan for the circular economy [22], in 2015, the European Union (EU)
laid the basis for the implementation of a CE in Europe. As disclosed in the recent monitoring
report [86, p. 1], by now the EU’s circular economy package is finalised, since all defined actions
have been completed or are being implemented. In parallel, several countries have adopted
national roadmaps and strategies, while Germany is currently still lacking a strategic plan for
the implementation of a CE [21, p. 5]. However, with the German resource efficiency program
ProgRess and the launch of a circular economy initiative the basis has already been laid.

As outlined in [87], there are currently different understandings about the CE. In their review of CE
definitions Kirchherr et al. [87] summarise that the CE is an economic system building on business
models, which reduce, reuse, recycle or recover materials, with the overarching aim of achieving
sustainable development. According to the Ellen MacArthur Foundation [23, pp. 23–25], the CE
is, in general, based on three principles, namely the preservation and enhancement of natural
capital, the optimisation of yields from resources in use and the fostering of system effectiveness.
While the first principle encompasses the preservation of finite and the use of renewable resources,
the second principle addresses the sharing, repairing, reusing, remanufacturing and recycling of
materials. Finally, the third principle aims at minimising negative externalities resulting from
emissions and resource use.

These principles show that the CE is not limited to recycling, but targets the whole life cycle of
a product, or in this case technology. Therefore, based on the approach by Lacy et al. [24], in
Figure 4–1 for each life cycle phase potential CE approaches are depicted which can be classified
into four categories. The first category covers approaches addressing the supply of resources
(energy and materials) by either decreasing the demand for resources through efficiency measures
or by increasing the supply of renewable resources. Furthermore, CE approaches aiming at
an increased utilisation such as sharing concepts can be applied. Apart from the extension of
the product’s lifetime through repair, remanufacturing and reuse, the fourth category of CE
approaches aims at the recovery of resources through recycling. In the following, for each of the
four categories the depicted CE approaches are explained in more detail.
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Figure 4–1: Overview and classification of approaches from the circular economy in different
life cycle phases (own illustration based on [24, p. 12])

Resource Supply: According to [24, p. 12], the resources supplied in a CE should be renewable,
bio-based or fully recyclable. In this context, especially the use of renewable energy sources is
pointed out by [88, p. 22] and [89, p. 6] as a key requirement for a CE. The prerequisite for a
renewable resource supply is the availability of renewable alternatives. While for energy there are
several renewable options available, also products such as chemicals can in principle be produced
from biomass [90]. The renewable supply of other resources such as metals, however, is not
feasible. Thus, also resource efficiency plays an important role which according to [89, p. 6] can
be supported by ecodesign and encompasses both a careful use of energy and materials as well as
the replacement of materials. In principle, the CE approaches efficiency and renewables can be
applied to any life cycle phase, but are especially relevant for the resource-intensive production,
use and processing phases.

Increased Utilisation: As outlined in [24, p. 14] and [23, p. 25], the utilisation of a product can
be maximised by means of sharing concepts. The general idea behind sharing is that the provided
function in the product’s use phase is increased. Here, two cases are distinguished because the
utilisation of the product can either be maximised by an increased use through multiple user, or by
an increased use through multiple purposes. The most important prerequisite is the accessibility
of the product for multiple users or multiple use cases. This can, for instance, be achieved through
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sharing platforms [24, p. 14]. Furthermore, in this context so-called product as a service concepts
gain of importance which replace the traditional selling approach by leasing, renting, pay-per-use
or performance-based business models [89, p. 7].

Lifetime Extension: As shown in [23, p. 24], the first option to extent the product’s lifetime is
to repair the product during the use phase. As a prerequisite, the accessibility of the product
and the interchangeability of components need to be ensured. Apart from a lifetime extension in
the use phase, [23, p. 24] also point out approaches after the product’s EoL, namely reuse and
remanufacturing. Reuse aims at further utilising the entire product in the same or a different
application. In the case of remanufacturing, on the contrary, single components are fed into the
production process of a new product. While for reuse a suitable application must be available,
for remanufacturing the possibility of disassembling the product is a crucial requirement. As
outlined in [89, pp. 6, 15], this prerequisite can already be considered in the design process,
for example through modular design. Since the exact delimitation of the two EoL approaches
is often unclear, in the following, the term Second-Life (SL) is used to refer to both reuse and
remanufacturing.

Resource Recovery: Finally, recycling as the most traditional CE approach targets the use of
less primary resources through resource recovery [89, p. 5]. Here, a distinction can be made
between the recycling of scrap in the production phase, the energetic recycling at EoL and the
recovery of materials in processing plants (see Figure 4–1). According to [91, p. 49], the separated
collection and, if necessary, sorting of waste streams constitute prerequisites for the recovery
of materials in dedicated recycling processes. Furthermore, apart from hazardous substances,
recycling can be limited by the environmental impact of the recycling process once it exceeds the
advantage resulting from resource recovery [91, p. 49].

4.2 Feasibility of Circular Economy Approaches for Electric Vehicle Batteries

Based on the previous description, the feasible CE approaches for EV batteries are identified. For
this purpose, the three main life cycle phases (production, use and EoL) are each briefly described
with regard to the battery’s characteristics, which are then matched with the requirements of the
CE approaches described above.

Production: As outlined in Chapter 3, the main hot spots for battery production are the use of
critical metals such as Co and Li as well as the energy demand in the manufacturing process.
Apart from other components such as the housing and the BMS, in this context especially the
manufacturing of battery cells and the battery back assembly are of interest. Therefore, below, the
process steps are briefly explained based on [55, 92, 93]. First, in a mixing process, slurries are
produced by mixing each the anode and the cathode material with additives, solvents and binders.
The produced anode and cathode slurries are used for the coating of the copper and aluminium
carrier foils. By means of a drying process the solvent is then recovered and, subsequently,
the coated foils are compressed by a rolling process, referred to as calendaring. After slitting
of the electrodes, the electrode strips are fed into a vacuum dryer to remove the moisture, and
are then being transferred to a dry room. In the dry room, first, the stacking or winding of the
anode, cathode and separator takes place. Second, the current collectors are welded and the cells
are enclosed in a container. This is followed by the process of electrolyte filling and the final

25



4 Feasibility of Approaches from the Circular Economy

sealing of the cell. After a pre-charging of the produced cells which aims at the formation of the
boundary layer between electrolyte and electrode, finally, the different components are assembled
into the battery pack.

In view of the need for energy-intensive drying processes, it is evident that especially the CE
approaches of energy efficiency and renewable energy supply can play an important role in
decreasing the climate impact of the battery’s production phase. Furthermore, the material
efficiency can be increased for example by shifting to cell technologies containing less Co (see
Subsection 3.2.2) or by the recycling of production waste.

Use: In a next step, the produced batteries are integrated into the EV. It has become established
that the battery is installed between the axes in the vehicle’s underbody [94]. In combination with
the inverter and the electric motor the battery serves the propulsion of the EV [95]. According to
[96], in principle, there are several possibilities to charge the battery in the vehicle. Currently, the
charging process is conducted with alternating or direct current (so-called AC or DC charging).
While inductive charging is still under development, the option of a battery swap does so far
not play a role for passenger cars due to a lack of standardisation. In [96] it is further pointed
out that load management can be used to decrease the stress on the grid and provide energy
system services. In this context, also vehicle-to-grid (V2G) gains increasingly of importance,
with demonstration projects already in place [26, p. 139]. In the course of a V2G concept, load is
not only shifted, but electricity from the traction battery is fed back into the grid. Overall, as
pointed out in Chapter 3, the electricity demand during the use phase is a major contributor to the
EV’s climate impact.

Thus, not only in the production, but also in the use phase the supply of renewable energy is
of importance, while energy efficiency is less relevant due to already high efficiencies of both
Li-ion batteries and the electric motor. When it comes to sharing approaches, there are in
principle several options available. Next to the typical car sharing, which is already widely spread,
the swapping of batteries as a replacement for the charging process is tested in pilot projects.
However, as described above, a large-scale roll-out of this approach is currently not technically
feasible for passenger vehicles due to missing standardisation. With regard to increasing the
battery’s utilisation through multiple purposes, the prerequisites for multi-use cases are fulfilled
as the EV can be equipped for load management and potentially V2G. In that case, the traction
battery provides, apart from its original purpose, also other functions to the energy system.

End-of-Life: As described in Subsection 3.2.2, the collection rate of EoL vehicles in Germany
is low, but with the right incentives for EVs a larger collection rate than for conventional vehicles
can be expected. In Subsection 3.2.2, it is further outlined that there are already industrial
plants for the recycling of Li-ion batteries available. In this context, the recovery of Li is the
current challenge because an additional hydrometallurgical process step is required. According
to [80, p. 4], the battery recycling process starts with a deactivation step, followed by either
mechanical, pyrometallurgical and/or hydrometallurgical treatment processes. While mechanical
treatment includes the crushing of the battery as well as the exposure and sorting of valuable
materials, in pyrometallurgical processes either the whole cell or cell components are melted. In
that case, transition metals such as Ni, Co and Cu can be recovered, whereas Li is lost in the
slag. Therefore hydrometallurgical processes can be used to recover Li either directly from the
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separated materials of the mechanical process step or from the slag of the pyrometallurgical
process. In view of these energy-intensive processes, the approaches of energy efficiency and
renewables can also be applied to reduce the environmental impact of battery recycling, since the
recycling process does not necessarily lead to GHG emission savings (see Subsection 3.1.2).

Prior to the actual recycling process, already today there are several demonstration projects for an
SL of EV batteries in stationary battery applications in place [97]. To prepare the batteries for SL
applications a processing step is required. This processing mainly comprises the disassembly,
a visual inspection, the measurement of voltage and resistance to identify failed modules, a
testing process to determine module capacity and power capability, the sorting as well as the
assembly into new battery packs [98, p. 29]. However, as different battery applications come
along with different requirements [33, pp. 46–71], one of the main challenges for SL concepts is
the identification of suitable applications, for which the requirements of the storage application fit
the characteristics of the SL battery. In this context, one of the advantages of batteries are there
inherently modular design which makes a modification of battery characteristics possible.

From the described EoL process steps, it can be seen that the possible CE approaches in the
EoL phase depicted in Figure 4–1 are all feasible for EV batteries. For the lifetime extension
approaches at EoL especially the modular design of batteries is of advantage. However, both
SL applications as well as Li-ion battery recycling are currently still undergoing a development
process.

Overview and Selection: In Figure 4–2 the feasible CE approaches for EV batteries are finally
summarised. The CE approaches which are selected for further analysis in the exemplary
applications in Chapter 5 are highlighted in black. As the energy demand in the manufacturing
process was identified as a major driver for the environmental impact of batteries in Chapter 3,
for the production phase the approaches of renewable energy and energy efficiency are chosen
for a detailed assessment. In the use phase, apart from the impact of renewable electricity, also
a sharing concept is analysed. Here, the application of the traction battery for multi-use cases
through load management and V2G is chosen because this approach is characterised by strong
interactions with the electricity system. This holds also true for the EoL approach of deploying
used traction batteries in stationary SL applications. Furthermore, the recycling of materials is
chosen for a detailed analysis, since this approach can potentially lead to a significant reduction in
demand for primary metals as large amounts of critical metals are available in EoL batteries.
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5 Emission and Critical Resource Savings through the Circular
Economy

In the following, first, the selected indicators and environmental assessment methods suitable to
determine GHG emission and critical resource savings are described in Section 5.1. The following
Section 5.2 to Section 5.6 are structured along the life cycle phases of the battery. As described
in Chapter 2, in each section, first, the main challenge for resource and emission assessment of
CE approaches in the respective life cycle phase is discussed based on current literature. Then,
an instrument addressing the identified challenge is developed, which is finally applied to the
selected CE approach for EV batteries. In Section 5.7 the resulting set of instruments over all life
cycle phases is summarised.

5.1 Environmental Assessment Methods

In Chapter 3 it is outlined that for EV batteries especially the provision of Co and Li is associated
with supply and environmental risks. Therefore, the demand for primary Co and Li are chosen as
indicators for the quantification of critical resource savings through CE approaches. Furthermore,
the overview in Chapter 3 shows that energy demand is the main driver for the climate impact in
the different life cycle phases of a battery. Thus, the impact of CE approaches on energy-related
GHG emissions is chosen as a further assessment indicator. To quantify these indicators LCA
and Material Flow Analysis (MFA) constitute suitable assessment methods, for which the basics
are described below.

5.1.1 Life Cycle Assessment

As defined in ISO 14040 and 14044, LCA is a methodology aiming at the assessment of the
environmental impact of a product or service over its entire life cycle, meaning from cradle-to-
grave. The ISO standards define four iterative phases for conducting an LCA. Starting with the
goal and scope definition, first, the aim of the study is specified. Furthermore, the reference or
so-called functional unit is chosen, the system boundaries are defined and methodological choices
are described. Then, in the life cycle inventory phase, data on inputs and outputs of the considered
processes are collected, prepared, validated and finally referred to the functional unit. In this
context, the Cumulative Energy Demand (CED), as defined in the guideline VDI 4600, can serve
as a basis for quantifying energy flows. In the inventory phase, one of the major challenges is the
allocation of input and output flows in case of multi-product systems. Here, the ISO standards
only provide a rough guideline. The proposed approaches include both a system expansion to
avoid allocation as well as a partitioning of flows based on physical properties or economic
metrics. Subsequently, in the course of the life cycle impact assessment the resulting flow data
per functional unit is translated into potential environmental impacts. For this purpose, for the
chosen impact categories (e.g. climate change) an impact indicator (e.g global warming potential
(GWP)) is calculated making use of a certain impact assessment method (e.g. CML 2001). The
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results of the previous phases are further analysed and discussed in the life cycle interpretation
phase so as to finally derive conclusions and recommendations with regard to the defined goal of
the study.

The computational structure, on which LCA is based, is described in detail by Heijungs and
Suh [99]. As outlined in [99, pp. 16–20], the emission inventory g is in principle determined
from

g = Bs (5–1)

with
s = A−1 f . (5–2)

In this context, the final demand vector f represents the functional unit and therefore the demand
for the provided products, technologies or services. Considering the technology matrix A, which
contains the exchanges between different processes, the scaling vector s can be determined. The
scaling vector s corresponds to the total demand for the output of each process to deliver the final
demand f . The emission inventory g associated with the provision of the functional unit is then
calculated by multiplying the environmental intervention matrix B, which contains the emissions
per process, and s.

It is common practice not to set up a complete environmental intervention matrix. Rather the
environmental impact of the background processes, which are not part of the modelled foreground
system, are directly extracted from LCA reports and databases. In the following case, this holds
true for the emissions associated with the supply and combustion of energy carriers. The resulting
emission factor vector em f is then directly multiplied with the scaling vector s to determine
energy-related GHG emissions.

5.1.2 Material Flow Analysis

As outlined by Brunner and Rechberger [100, p. 3], MFA is a method used for decision support
in resource, waste and environmental management by systematically assessing the stocks and
flows of materials in a system. The general idea behind MFA is that the inputs and outputs of a
certain material in a system are balanced so as to gain a better understanding of material demand,
waste flows as well as the depletion or accumulation of material reservoirs [100, p. 3].

According to [100, p. 4], a system is defined in time and space and consists of several processes
transporting, transforming or storing materials. These processes are connected via material
inputs and outputs and comprise, in the case of storage processes, also material stocks. MFA
methodology consists of several steps, namely the system definition, the quantification of mass
flows, the balancing of goods, the determination of concentrations, the balancing of substances
and finally the illustration and interpretation [100, pp. 53–54].

While the classical, static MFA only provides a snapshot at a certain point of time, the dynamic
MFA approach has evolved aiming at tracking the system’s development by modelling the material
stocks and flows as a function of time [101]. The overview by Müller et al. [101] points out that
dynamic MFA analyses mainly differ with regard to the time frame (retrospective vs. prospective),
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the modelling of the material stock (top-down vs. bottom-up) as well as the parameter driving
the model (input-driven vs. stock-driven). While in case of a top-down model the material
stock is determined from the net material flows (difference between inputs and outputs), in a
bottom-up model the stock is directly derived from the stock’s material content. Depending
on the availability of data, the model is either input- or stock-driven. While in input-driven
models the output and stock is quantified from the input and a lifetime distribution function,
in stock-driven models the inflows and outflows are derived from the stock development and a
lifetime distribution.

5.2 Production: Future Improvement Potential

As outlined in Subsection 3.1.2, the energy demand in the manufacturing process has a strong
impact on the carbon footprint of battery production. Therefore, in Section 4.2 energy efficiency
and renewable energy supply have been identified as relevant CE approaches for the production
phase. But Li-ion batteries as well as the corresponding production processes are currently
still undergoing a development process, which makes an environmental assessment challenging.
Thus, in Subsection 5.2.1, first, a brief overview of existing approaches for LCA of emerging
technologies is given. These approaches are then translated into a step-wise procedure for dealing
with uncertainties of emerging technologies in Subsection 5.2.2. With the aim of quantifying the
potential of energy efficiency and renewable energy supply, in Subsection 5.2.3 the method is
finally applied to battery production.

5.2.1 Overview: Assessment of Emerging Technologies

When assessing the potential of CE approaches for battery production, one of the main challenges
is to deal with the uncertainty about the future improvement potential of the emerging production
process. The topic of dealing with uncertainties in LCA is already addressed in ISO 14044. In
the ISO standard it is proposed that in the interpretation phase, first, significant parameters are
identified which are then further evaluated with methods such as sensitivity analyses. As the
dealing with uncertainties is especially relevant for emerging technologies, the field of prospective
LCA, which according to [102] aims at assessing the environmental impact of future technological
systems, came up.

Both Cucurachi et al. [102] and Arvidsson et al. [103] propose scenarios as a means to assess
emerging technologies, while the reliability of predictions based on learning curves is still
an area of future research [103]. Therefore, Arvidsson et al. [103] recommend the use of
ranges and extreme scenarios if predictions about future developments are difficult. Also
Cucurachi et al. [102] propose the use of extreme scenarios, next to other types of scenario
including expert opinions.

However, the use of scenarios is not only relevant when assessing the technology’s foreground
system, but also the development of the background system needs to be considered in a prospective
LCA [103]. This is also emphasised by Mendoza et al. [104] who use future energy system
scenarios to account for the impact of a changing background system in the assessment of
emerging technologies.
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5.2.2 Step-Wise Procedure for Dealing with Uncertainties of Emerging Technologies

Considering the general procedure in ISO 14044 and the scenario ranges proposed in [103] and
[102], a step-wise procedure for dealing with uncertainties of emerging technologies is defined
in Figure 5–1. First, a contribution analysis is conducted to point out the processes with the
largest contribution to the environmental impact. Then, critical parameters are identified by
examining the input parameters of these processes with regard to uncertainties, which can result
from data quality or unknown future developments. In a third step, a possible scenario range for
the identified critical parameters is determined based on the status quo and the potential for future
development. Finally, in the course of a sensitivity analysis, the critical parameters are varied
according to the defined range so as to determine the sensitivity of the technology’s environmental
impact. By following the described step-wise procedure, the possible improvement potential of
an emerging technology can be systematically pointed out.

1. Contribution analysis

Processes with largest contribution to environmental impact

2. Examination of uncertainties with regard to input

parameters and future developments

Critical parameters

3. Identification of status quo and future development

potential

Scenario ranges for critical parameters

4. Sensitivity analysis

Sensitivity of environmental impact to critical parameters

Figure 5–1: Step-wise procedure for dealing with uncertainties when assessing emerging
technologies

5.2.3 Exemplary Application: Energy Efficiency and Renewable Energy in Battery
Production

The described procedure is now applied to battery production with a special focus on the potential
of energy efficiency and renewable energy supply to reduce GHG emissions. The following
description and illustrations contain extracts from the analysis by Regett et al. [105, 106].
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Goal and Scope

The potential of energy efficiency and renewable energy supply to reduce the climate and critical
resource impact of battery production is assessed on the basis of energy-related GHG emissions
as well as Co and Li demand. The object of investigation is a Li-ion traction battery system
consisting of an NMC622 cathode and a graphite anode, with the functional unit of 1 kWh battery
capacity.

As shown in Figure 5–2, in addition to the energy input in battery manufacturing, the energy
demand for raw material extraction and material production is taken into account. In the
following, the term “battery manufacturing” refers to the processes of cell manufacturing and
battery assembly, and the term “battery production” to the sum of all processes, including material
production and raw material extraction.

Li-ion traction battery: 

1 kWh capacity

Cell manufacturing

Battery assembly

Material production

Raw material extraction

Fuel supply and

conversion

Cobalt, 

lithium

GHG emissions

Figure 5–2: System boundaries for the assessment of battery production

The transport of intermediate and final products as well as the construction of the battery
production plant are not accounted for. Furthermore, no process-related emissions are taken into
account. Thus, only the energy-related GHG emissions resulting from the supply and conversion
of fuels are in the scope of this analysis. These also include the emissions resulting from the
construction of the energy infrastructure.

Because the GHG emissions for electricity vary between regions, for the following analysis, it is
assumed that the battery manufacturing takes place in the battery-producing regions according to
the short-term trend scenario from [32, p. 11]. In this scenario the battery production mix is
dominated by China with 49 %, followed by the USA with 20 %, Europe with 12 % and South
Korea and Japan with 5 % and 3 %, respectively. For the electricity used in the processes of raw
material extraction and material production the global mix is assumed.
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To calculate the climate and resource impact, first, for each battery production process an energy
and material balance is generated and related to 1 kWh of battery capacity produced. The energy
demand per process is then multiplied by a specific GHG emission factor in order to calculate the
energy-related GHG emissions. The critical metal demand is derived from the stoichiometry of
the materials.

Input Data

The work from the Argonne National Laboratory serves as a starting point for the following
analysis. The mass balance of the traction battery is calculated with BatPac [70], and the energy
input for processes is extracted from GREET [107] as well as the accompanying background
reports. The global shares of primary and secondary materials are taken from [108, p. 17], [109,
p. 8] and [110, p. 9] for aluminium, copper and steel, respectively.

According to BatPac [70], the analysed Li-ion battery system with a capacity of 30 kWh, consisting
of an NMC cathode and a graphite anode, has a total mass of 177 kg. For the cathode material
NMC622, a less cobalt-containing alternative to NMC424 and NMC111, is chosen because it is
already the state of the art [32, p. 30]. The material composition of the battery system is broken
down in detail in Subsection 3.2.2.

The energy demand for the production of NMC active material, cell manufacturing and battery
assembly is derived from Dai et al. [55]. The reported energy demand is based on data from
industrial plants in China. This energy demand is validated using the values measured at a
pilot plant from [92]. While the specified final energy demand of the Chinese plants amounts
to 47 kWh per kWh battery capacity produced [92, pp. 9–10], the electricity demand for cell
manufacturing of the pilot plant in [92] is 13 kWh per cell, corresponding to about 108 kWh
per kWh. In Table 5–1 the electricity demand for battery manufacturing is broken down by the
process steps described in Section 4.2. For an industrial process, Yuan et al. [92] indicate possible
savings of up to 72 % compared to the pilot plant, which implies that the electricity demand for
cell manufacturing can potentially be reduced to 30 kWh per kWh.

The energy demand of the Chinese battery factories in [55] is therefore classified as plausible and
used as a reference for further analysis. In the Chinese plants under consideration, part of the final
energy demand is covered by district heating. Since this is an individual case, in the following,
it is assumed that in consistency with other studies the final energy is provided exclusively by
electricity. With an efficiency of 99 % of an electrode heating boiler [111], this results in an
electricity demand for battery manufacturing of 48 kWh per kWh battery capacity produced.
This coincides with the 50 kWh per kWh battery capacity for a highly utilised production plant
according to Volkswagen, as stated in [17, pp. 60–61].

The Li and Co demand of the battery system are derived from the mass balance and the
stoichiometry of cathode materials (see Subsection 3.2.2). To translate the energy demand for
battery production into GHG emissions, the emission factors from the National GHG Inventory
Report [51, pp. 811–813] are used for direct CO2 emissions from fuel combustion. The global
warming potential (GWP)100 according to the CML 2001 impact assessment method and the
cut-off system model from the ecoinvent database [112] is deployed for the emission factors
of electricity and the upstream chain of fuel supply. The GHG emission factor for electricity
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Table 5–1: Share of total electricity demand for each process step in battery manufacturing for
the pilot plant in [92]

Process step Share of electricity demand
in pilot plant in %

Mixing 0.2

Coating 0.4

Drying 38.4a

Calendaring 2.3

Slitting 4.3

Vacuum drying and drying room 43.4a

Stacking or winding 4.7

Welding and enclosing 1.4

Electrolyte filling 0.4

Final sealing 3.7

Pre-charging 0.6

Assembly 0.1
a In industrial process significant reduction of energy demand possible.

in battery manufacturing is determined by weighting the country-specific emission factors of
electricity with the country’s share in battery production.

Results and Discussion

The cathode of an NMC622 traction battery system contains 0.115 kg of Li and 0.177 kg of Co
per kWh capacity (see also Table 3–2). Also the electrolyte contains Li, however, the amounts
are negligible compared to the Li content of the cathode. Thus, the Li and Co demand for a
battery system with a nominal capacity of 30 kWh adds up to a total demand of about 3.5 kg of
Li and 5.3 kg of Co.

Taking into account the assumptions and data described above, the energy-related GHG emissions
for the production of a traction battery amount to 106 kg CO2 eq. per kWh battery capacity.
The contribution analysis depicted in Figure 5–3 shows that about 40 % of the emissions are
attributable to the electricity demand in battery manufacturing (including cells) and almost a
quarter to the production of NMC active material. However, as outlined in Subsection 3.1.2,
the energy demand in battery manufacturing is subject to large uncertainties. Furthermore, the
emissions associated with this energy demand are strongly dependent on the electricity mix
prevailing at the battery production site. Therefore, in the following, the effect of energy efficiency
and renewable energy supply on GHG emissions for battery production is illustrated.

In Figure 5–4 the energy-related GHG emissions of the battery production in kg CO2 eq. per kWh
battery capacity are shown as a function of the electricity demand for battery manufacturing and
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Figure 5–3: Energy-related greenhouse gas emissions of battery production and share of
processes

the emission factor of the electricity used in the manufacturing process. The range for electricity
demand is derived from the overview by Ellingsen et al. [53], according to which previous
LCA studies disclose an energy demand in the range of less than 10 kWh to more than 170 kWh
per kWh of battery capacity produced. For the emission factor of electricity the range from a
hypothetical electricity factor of zero (entirely renewable) to an emission factor of electricity of
1 kg kWh−1, corresponding to coal power, is selected.

Starting from the reference point (energy demand for manufacturing of about 50 kWh per kWh
battery capacity and a GHG emission factor of electricity for the battery production mix of around
0.9 kg kWh−1), it can be seen that the carbon footprint of the traction battery improves considerably
if the production process is supplied with electricity in countries with a lower emission factor.
For instance, the emissions from battery production are reduced by 18 % to 87 kg CO2 eq. per
kWh battery capacity, in case an emission factor of 0.5 kg kWh−1, corresponding to the German
electricity mix in recent years, is applied. If the electricity for battery production is increasingly
supplied from renewable energy systems (RESs), the energy-related GHG emissions from battery
production approach the emissions for material extraction and production of 62 kg CO2 eq. per
kWh battery capacity.

In addition, the carbon footprint of battery production is strongly dependent on the electricity
demand in battery manufacturing. While the present analysis builds on data from the industrial
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Figure 5–4: Impact of electricity demand and the emission factor of electricity in battery
manufacturing on energy-related greenhouse gases for battery production

plants in [55], the carbon footprint worsens for the electricity demand of smaller-scale plants,
corresponding to the upper limit shown in Figure 5–4. In that case, the carbon footprint is within
the range indicated by Romare and Dahllöf [18, p. 42] (see Subsection 3.1.2). The lower specific
energy demand of industrial plants can be explained by economies of scale and optimised process
design.

Another option described in [55] is to provide the heat from natural gas instead of electricity. In that
case, the carbon footprint of battery production is reduced from 106 kg CO2 eq. to 81 kg CO2 eq.
per kWh battery capacity. Furthermore, the results depend on the material composition and
energy density which both differ depending on the battery system. Therefore, the calculations
described above are again carried out for the battery system from [113]. The material composition
differs from the reference system in Table 3–1 primarily with regard to lower proportions of
graphite (13 %) and aluminium (5 %) and a considerably higher proportion of steel (28 %) in
the total weight. Also, instead of NMC622, the more Co-containing cathode material NMC111
is used. The resulting increase in energy-related GHG emissions for battery production to
113 kg CO2 eq. per kWh battery capacity, however, is not due to the material composition, but
largely results from the lower energy density of the battery system. For this sensitivity analysis,
simply the same specific energy demand for manufacturing per kg battery as in the previous case
is assumed, which was derived based on the energy density of the considered NMC622 battery.
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However, in view of sharply increasing energy densities and new battery technologies, there is a
need for further research on the correlation of energy demand in the manufacturing process and
battery capacity.

Another parameter affecting the energy-related GHG emissions of the battery system is the use
of secondary materials. If for example, instead of the aluminium mix from [108], only primary
aluminium is used, GHG emissions increase to 113 kg CO2 eq. per kWh, while the sole use
of secondary aluminium results in a decrease to 97 kg CO2 eq. per kWh battery capacity. The
consideration of process-related CO2 emissions in NMC production [55, p. 16], on the contrary,
has a minor impact and leads only to a slight increase in emissions of less than 0.5 kg CO2 eq.
per kWh battery capacity.

Overall, it can be stated that the energy-related GHG emissions for battery production, depending
on the exact composition and energy density of the battery system, are currently in the range of
100 kg CO2 eq. per kWh battery capacity. Approximately half of the emissions are attributable
to material production and the other half to battery manufacturing. This value applies to an
electricity demand in battery manufacturing of about 50 kWh per kWh battery capacity and an
emission factor for electricity of around 0.9 kg kWh−1, which is dominated by the Asian market.
In the case of an increase in the efficiency of the manufacturing process and an increase in
renewable electricity supply for battery manufacturing, the carbon footprint of the battery can
be reduced by almost half. Further potential for improvement can be expected from increasing
energy densities.

Summary

When assessing CE approaches for emerging technologies, such as the production of Li-ion
batteries, uncertainties with regard to the technology’s improvement potential need to be
considered. Here, a systematic, step-wise procedure to deal with uncertainties is defined which
consists of a contribution and sensitivity analysis, as proposed in ISO 14044, combined with the
scenario approach from prospective LCA. The application of the procedure to battery production
outlines the strong dependency of the battery’s carbon footprint on the scale of the production
process and the energy supply of the production plant. Due to an increased energy efficiency for
the production on an industrial scale, an improvement of the climate impact of batteries can be
expected in the future. Furthermore, the electricity supply should be taken into account when
choosing a location for new production plants, since the origin of electricity has a strong effect
on the carbon footprint of the produced batteries.

5.3 Use: Development of Energy System

As shown in Subsection 3.1.2, the carbon footprint of a BEV is also strongly dependent on the
GHG emissions of the charged electricity during the vehicle’s operation time. For this reason,
in Section 4.2, renewable energy supply has been identified as an important CE approach for
the battery’s use phase. As the increase in renewable energy has an impact on the electricity’s
carbon intensity, the emission factor of electricity can serve as an indicator for renewable energy
supply. While in the production phase the emission factor at the time of battery production is
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essential, in the use phase also the temporal course of the emission factor of electricity over the
battery’s lifetime in the vehicle is important, as outlined by Mendoza et al. [104].

In this context, the emission accounting of future electricity systems becomes relevant. For
this purpose, often energy system models are used in order to account for complex system
interdependencies. In the following, an overview of the different approaches for emission
assessment of electricity systems is given.

5.3.1 Overview: Emission Assessment of Electricity Systems

As outlined in [114], methods for the emission assessment of electricity can strongly differ with
regard to their complexity and field of application. Based on the overviews by Marmiroli et al. [52]
and Ryan et al. [115], following dimensions can be distinguished for emission accounting in
electricity systems:

• Time horizon: historical, present and future

• Temporal resolution: e.g. hourly, seasonal, yearly

• Geographical boundaries: e.g. regions, states, countries

• Consideration of cross-border flows: production vs. consumption (including imports and
exports)

• Accounting method: specific technologies, average/mix, marginal

• Extent of marginal effects: short-term/operational margin vs. long-term/build margin

• Used data and models: top-down approach (empirical data and statistical relationship
models) vs. bottom-up approach (power system optimisation models)

According to Sandén et al. [116], in LCA a distinction can be made between attributional and
consequential approaches. Attributional approaches focus on assigning occurring emissions
equally to different services, products, or in this case technologies. Consequential approaches, on
the contrary, aim at quantifying system effects which occur due to changes in demand for a certain
technology. When transferring this to electricity, in attributional studies often the electricity mix
is used, and in consequential analyses marginal approaches are applied to quantify the emission
intensity of electricity demand. In this regard, Marmiroli et al. [52] emphasise the distinction
between so-called “short-term” marginal effects, resulting from the change in operation of power
plants (both in present and future scenarios), and “long-term” marginal effects, which also include
the building of new capacities due to load changes. In the course of the decarbonisation of
the energy system a trend towards electrification and an increasingly important role of load
management strategies can be observed. Facing the advancing roll-out of electricity-consuming
or -shifting technologies, such as EVs and batteries, the assessment of emissions associated with
load changes is gaining in importance. In this context, the question arises how to include the
interactions with the energy system into the assessment of load-changing measures.

Furthermore, as outlined in [116], the chosen time horizon plays an important role for the
assessment of technologies. Future energy systems are characterised by an increased volatility of
electricity generation due to fluctuating RESs as well as stronger linkages between energy carriers.
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These new interdependencies result from the coupling of previously separate energy carriers in
multi-energy carrier systems (MESs), as defined in [35], by technologies such as Power-to-Heat
and Power-to-Gas. Therefore, when assessing future technologies with regard to GHG emissions,
not only the time of electricity consumption and generation need to be considered, but also the
linkages between energy carriers need to be accounted for.

In recent studies dealing with the decarbonisation of the German energy system, such as [11, 117,
118], the focus lies on describing changes in absolute emissions. There are some studies available,
e.g. [119] and [120], which display the resulting specific emission factor of the annual electricity
mix. However, there are very few analyses on the future German energy system reporting the
specific emission factor of electricity with a high time resolution, much less for other energy
carriers. Existing approaches, such as by Ripp and Steinke [121] and by Jochem et al. [122],
can be used to determine hourly average and marginal emission factors of electricity based on
power system optimisation models. Considering the increasing coupling of energy carriers in
future MESs, these methods need to be expanded from electricity and district heating to other
energy carriers such as gas and hydrogen. In this context, the allocation of emissions to multiple
strongly interconnected energy carriers is the main challenge to be solved.

From the overview above two challenges for emission assessment are identified which are
addressed in the following. This is, on the one hand, the incorporation of future developments
of the energy system while dealing with increasing linkages between energy carriers. And, on
the other hand, the interaction of load-changing measures with the energy system. To address
the first challenge, in Subsection 5.3.2, a method for the quantification of emission factors of
integrated energy carriers in hourly resolution is provided and applied to a future German MES
scenario until 2050. These emission factors can be used to determine the GHG emissions of
future electricity-consuming technologies while considering the dependency of emissions on
the load profile and on linked energy carriers. In Subsection 5.3.3 the resulting year-dependent
emission factors are then applied to assess the impact of renewable electricity supply on the
carbon footprint of BEVs by considering the time of purchase and the reduction in operational
emissions over the vehicle’s lifetime.

Then, in the next Section 5.4, the second challenge is addressed by comparing the electricity
mix method and the marginal power plant method with regard to different indicators describing
the underlying energy system. This comparison points out the suitability of different emission
accounting methods and indicators for the assessment of load-changing technologies. As an
example, the two emission accounting methods are then applied to the selected battery sharing
concept of load management with V2G for industrial peak shaving.

5.3.2 Method for Emission Assessment of Future Multi-Energy Carrier Systems

In the following, first, the MES model and the future energy system scenario are described.
Subsequently, the developed approach of emission accounting is explained in general and then
specifically for the used MES model and scenario. Finally, the resulting year-dependent emission
factors of electricity, which serve as an input for the application example in Subsection 5.3.3, are
shown and discussed. The following description and illustrations contain parts from the analysis
by Böing and Regett [123].
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Multi-Energy System Model and Scenario

The MES model used for the following analysis is the “Integrated Simulation Model for Planning
the Operation and Expansion of Power Plants with Regionalisation (ISAaR)”. As outlined in
[123], ISAaR is a linear programming optimisation model with the objective of minimising the
overall system costs c of the energy system as described by

c = min f T x (5–3)

subject to
dlb ≤ x ≤ dub (5–4)

and
bl ≤ Ax ≤ br. (5–5)

While f contains the specific costs of each process, the variable vector x is optimised so as to
minimise c. These variables (e.g. electrical generation, fuel consumption) are limited to the
lower and upper bounds dlb and dub. The system is described by the constraint matrix A as well
as the left and right boundaries of the constraints dl and dr. The mathematical principles of the
ISAaR model are explained in detail in [123–126].

As outlined in [123], the model’s main feature is the capability to conduct an energy market
optimisation for Europe until the year 2050. In this context, the German market is modelled in
detail, while the European neighbours are represented in a simplified way. Next to electricity and
district heating, also hydrogen, methane, biomass and synthetic fuels are covered by the MES
model.

Below, the main principles of the model are explained by briefly summarising the modelling and
optimisation of the “Dynamis start” scenario, which is used for the further emission assessment
and is described in detail in [123]. The focus of the project Dynamis is the dynamic assessment
of CO2 abatement measures in the energy system with regard to emission savings and cost
efficiency [10]. For this purpose, the so-called start scenario forms the reference point, starting
from which the assessment of different measures takes place. The scenario therefore constitutes a
conservative path in which climate targets are not met.

On the demand side, the final energy demand from 2020 to 2050 is determined by the four
consumption sector models for transport [127], industry [128], households [129] as well as the
TCS sector. Due to the need for a detailed breakdown of data for the bottom-up modelling
approach, the input data for the sector models is mainly based on [130]. On the generation side,
the installed conventional capacities for the simulated years are primarily derived from [131]
for Germany and from [132] for the neighbouring countries. For Germany, these values are
updated based on the decisions on the coal phase-out outlined in [133]. With respect to RESs,
the installed capacities from [131] are first distributed regionally so as to then deduct electricity
generation profiles based on regional weather data and plant characteristics. The exact RES
modelling approach is summarised in [123] and described in detail in [10] and [134].
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The installed capacities of energy conversion units (e.g power plants, heating plants, PtX) as well
as the modelled renewable generation and load profiles serve as inputs for the optimisation of
the dispatch and expansion of conversion units. As the unit’s dispatch in principle follows the
merit order, as described in Subsection 5.4.1, the dispatch is further determined by the costs
for operation, fuels and CO2 emission certificates. Table 5–2 contains an extract of relevant
input parameters which are described in detail in [123]. The fuel prices are derived from [135,
scenario B] and [130]. While in the “Dynamis start” scenario a stagnating oil price is used for
2050, in [130] a slight increase and in the scenario by the International Energy Agency (IEA)
used in [11, part B, p. 74] a slight decrease is assumed.

Table 5–2: Costs for selected fuels and CO2 certificates for the “Dynamis start” scenario

Year: Fuel and CO2 prices (real) in e per MWh:

Hard coal Lignite Methane Oil CO2 certificates

2020 8.4 4.3 22.7 40.0 20.1

2030 8.4 5.6 26.4 48.3 41.8

2040 8.9 5.6 28.0 53.0 63.5

2050 9.8 5.6 28.1 53.0 85.2

The optimisation run of the scenario delivers a cost-optimal dispatch and expansion of the
modelled conversion units in hourly resolution. This finally results in a time-resolved fuel
consumption and energy output per conversion unit as well as marginal costs of the modelled
energy carriers. In Figure 5–5 the aggregated optimisation results for electricity consumption
and generation are summarised by means of the electricity balance which is described in detail
in [123]. In particular, it becomes apparent that the share of RESs in electricity generation is
increasing from 42 % in 2020 to 82 % in 2050. With regard to conventional electricity, in 2020
hard coal and lignite power plants still play an important role, but are gradually substituted by
gas-fired power plants.

Methodological Approach of Emission Accounting

Transferring the LCA approach described in Subsection 5.1.1 to MES modelling, the final demand
f is an input for the model ISAaR and corresponds to the load from the consumption sectors for
all modelled energy carriers. The technology matrix A is an output of the model and includes all
incoming and outgoing loads per simulated energy carrier. The intervention matrix B can also be
derived from ISAaR results by multiplying the fuel inputs per simulated energy carrier with the
corresponding combustion-related emission factors. As in this case the matrix A resulting from
the optimisation is exactly valid for f , all values in the scaling vector s are equal to one. The
ISAaR optimisation results, thus, provide all data required to set up the total emissions balance
for the MES energy system. However, to derive specific emission factors for the n simulated
energy carriers while considering their linkages, in the following, an emissions balance for each
energy carrier ec is set up.

For each ec it must be fulfilled that the emissions allocated to the outgoing energy carrier Eout
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Figure 5–5: Electricity balance for the “Dynamis start” scenario for selected years [123]

are equal to the emissions occuring due to the generation of the energy carrier Ein. Eout can be
described by

Eout(ec) = em f (ec) · (Pdem(ec) + Pin(ec, ec′)) , (5–6)

where em f is the emission factor of the energy carrier, Pdem the final demand for the energy
carrier and Pin the input of the energy carrier for the generation of linked energy carriers ec′.
The occurring emissions during energy carrier supply Ein are determined from

Ein(ec) = em ff · Pf(ec) + em f (ec′) · Pin(ec′, ec), (5–7)

using the fuel input Pf and the respective conversion-related emission factor em ff , as well as
the input of linked energy carriers ec′ to generate ec and the respective emission factor for the
supply of ec′.

This results in a system of n equations of type

em f (ec) · (Pdem(ec) + Pin(ec, ec′)) = em ff · Pf(ec) + em f (ec′) · Pin(ec′, ec), (5–8)

for which the solution results in n emission factors em f . For the total emissions Etot it then holds
true that

Etot =
∑
ec

Pf(ec) · em ff =
∑
ec

Pdem(ec) · em f (ec). (5–9)

The determined emission factors em f comprise the CO2 emissions associated with the supply of
the simulated energy carriers and can become negative in case more CO2 is bound than emitted
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during the generation of the energy carrier. In contrast, the combustion-related emission factors
em ff are external parameters. They reflect the emissions occurring due to the combustion of both
external and simulated energy carriers as well as the CO2 bound during the conversion process,
and can also become positive or negative. Their quantification is based on the stoichiometry of
the respective energy carrier input. For fuel combustion these values are extracted from [51,
pp. 811–813]. However, it needs to be considered that in this case the emissions occurring during
the provision of fuels, due to for example mining and transport processes, are not included.

Application of Emission Accounting Method to Multi-Energy System Model

The defined emission accounting approach is now applied to the previously described MES
model ISAaR. For this purpose, for each simulated year of the “Dynamis start” scenario the total
emissions are assigned to different energy carriers by setting up an emission balance based on
Equation 5–8 for each region reg, time step t and simulated energy carrier ec. While each energy
carrier is connected to its linked energy carriers ec′ via devices dev, in the case of electricity each
region is also connected to the neighbouring regions reg′ via trading capacities. The emission
factors for the supply of the simulated energy carriers em f are the unknown variables of the
linear equation system, which can be specified by

em f (t, ec,reg)·(∑
sec

Pdem(t, ec, sec,reg) +
∑
dev

∑
ec′

Pin(t, ec, ec′, dev,reg) +
∑
reg′

Pex(t, ec,reg,reg′)

)
=

∑
dev

(em ff · Pf(t, ec, dev,reg) + em f (t, ec′,reg) · Pin(t, ec′, ec, dev,reg)) · a(t, ec, dev)

+
∑
reg′

Pim(t, ec,reg′,reg) · em fim(t, ec,reg′). (5–10)

All other variables are direct or indirect results from the optimisation or external input data,
as in the case of combustion-related emission factors em ff . It can be seen that the demand
is differentiated by consumption sectors sec, and that energy carrier imports Pim and exports
Pex are considered. In the case of electricity, a simplified approach is used to determine the
emission factors of imports em fim. For the respective neighbouring country, these factors are
determined by means of the ratio of CO2 emissions to electricity generation in each hour of the
year, which result from the optimisation. The charging power of storage systems is not explicitly
included in Equation 5–10, meaning that all emissions occurring at a certain point of time are
directly allocated to the final demand in the respective hour. The discharging process is implicitly
included in the optimisation results, since in the event of discharging a storage system the power
of generation plants and therefore emissions are reduced.

To divide emissions between different energy carriers, for multi-output processes an allocation
factor a is introduced in Equation 5–10. Since the allocation method can strongly impact the
results [136], two different methods are presented. For one thing, the method used by the
IEA [137, p. 48] is chosen, being also referred to as “energy method”. In this case, for each
simulated year the allocation factor is determined from the load balance in each time step t. The
allocation factor for each generated energy carrier ec and device dev can be calculated using the
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time-resolved output Pout of the respective energy carrier and the device’s total output of energy
carriers as described by

a(t, ec, dev) =
Pout(t, ec, dev)∑
ec Pout(t, ec, dev)

. (5–11)

Secondly, the Carnot method described in [136] is applied, which reflects the exergy of the
outgoing energy carriers and is therefore also referred to as “exergy method”. In this case, for
each type of combined heat and power (CHP) conversion process pr the share of emissions
allocated to electricity is derived from the electric and thermal fuel efficiencies ηel and ηth as well
as the theoretical Carnot efficiency ηc according to

ael(pr) =
ηel(pr)

ηel(pr) + ηc(pr) · ηth(pr)
. (5–12)

While the fuel efficiencies are expressed by the ratio of the output of the respective energy carrier
to the total fuel input, for ηc it holds true that

ηc(pr) = 1 −
Tu(pr)
To(pr)

, (5–13)

with Tu and To being the upper and lower temperature level of the process which are taken from
[138, pp. 141, 376]. Here, an average Carnot allocation factor is quantified for each simulated
year by weighting the different types of CHP processes by their annual share in total district
heating generation in the “Dynamis start” scenario.

Finally, the solution of the system of equations delivers emission factors for the supply of each
simulated energy carrier in each time step of the considered year and region, in this case Germany.
The quantified emission factors do not only consider the exchanges between different energy
carriers in MESs, but also the exchange of energy carriers between regions in the context of
an increasingly integrated European energy system. However, instead of using the described
simplified approach, imports and exports could be considered in more detail by setting up separate
equations for each neighbouring country. A similar approach has for example been chosen by
Tranberg et al. [139] who determine real-time emission factors of electricity for coupled regions
using flow tracing methods.

Resulting Emission Factors for Electricity

In the following, the main results of the emission assessment, which are described in more detail
in [123], are summarised. In Figure 5–6 the resulting average direct CO2 emission factors of
electricity in Germany for the simulated years are depicted. Furthermore, the corresponding
GHG emission factor is shown which includes also other GHG as well as upstream emissions for
fuel supply.

To translate the computed direct, combustion-related CO2 into GHG emissions including fuel
supply, a factor is determined based on the CO2 and GHG emissions factors per power plant
type from the ecoinvent database [50, GWP100 indicator, CML 2001 method, cut-off] and the
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Figure 5–6: Load-weighted average CO2 and greenhouse gas emission factors of the German
electricity mix for the “Dynamis start” scenario (allocation method: carnot)

electricity balance for the “Dynamis start” scenario (see Figure 5–5). Using this data, both for
CO2 and GHG emissions a weighted emission factor for the electricity generation mix in the
respective year is determined. The ratio of these two emissions factors is then used as a scaling
factor to translate the CO2 emission factor, resulting from the integrated emission balancing
described above, into GHG emissions including upstream emissions. Since the optimisation is
carried out in five-year steps, a linear interpolation is conducted for the interim years.

From the results in Figure 5–6 it can be seen that the CO2 emission factor for electricity decreases
by 79 % from 2020 to 2050. This is due to the expansion of RESs as well as the reduction of coal
power capacities. The decrease from 2020 to 2025 is less steep, which can be attributed to the
phase-out of low-emission nuclear power plants. As discussed in [123], the choice of the IEA
allocation method would lead to a further decrease of the emission factor by 11 % in 2050 as the
higher exergy of electricity is not accounted for. Compared to the estimated CO2 emission factor
in 2018 of 474 g kWh−1 reported in [140, p. 9], the calculated CO2 emission factor in 2020 is
relatively low. Apart from the rapidly increasing share of RESs as well as the decreasing share
of coal power, this can be explained by the different methods for allocation and accounting of
cross-border electricity flows.

When looking at the annual duration line of the hourly emission factors in Figure 5–7, it becomes
obvious that in 2020 there are no hours with an emission factor of zero. Thus, this analysis of the
European market shows that there is no emission-free electricity available in 2020 when using
the mix method and the considered scenario. This contradicts the concept of so-called renewable
surpluses. However, if grid constraints within the market area were considered, local surpluses
would occur. Furthermore, the number of hours with emission factors close to zero increases in
the future to about 750 h in 2035 and to around 2 150 h in 2050. Also a more ambitious scenario
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Figure 5–7: Annual duration line of hourly direct CO2 emission factors of the German
electricity mix for the “Dynamis start” scenario (allocation method: carnot)

with a larger RES penetration would lead to an increase in renewable surpluses. The variation in
hourly emission factors further indicates that the actual CO2 abatement of future sector-coupling
measures, such as EVs, strongly depends on the time of operation.

5.3.3 Exemplary Application: Renewable Energy in the Battery Use Phase

As shown in Subsection 5.3.2, the increasing share of renewable electricity generation leads to a
decrease in the emission factor of electricity in the coming years. This fact needs to be accounted
for when determining the so-called “payback period” of a BEV compared to an ICEV. Therefore,
in the following, the calculated carbon footprint of battery production (see Figure 5–3) and the
future development of the emission factor of electricity (see Figure 5–6) are put into context by
means of a simplified vehicle comparison for compact class vehicles. The following description
and illustration are based on Regett et al. [105, 106] as well as Fattler and Regett [141].

Input Data

For battery production the climate impact of 106 kg CO2 eq. per kWh of battery capacity derived
in Subsection 5.2.3 is used. The climate impact of the other vehicle components, on the contrary,
is taken from [48] who quantify the GWP of the different components of a BEV and an ICEV.
According to the values from [48] the production of a vehicle in Germany leads to approximately
6.6 t CO2 eq. for an ICEV and 6.9 t CO2 eq. for an EV without battery system. The fact that these
two values lie in a similar order of magnitude, corresponds with the results of the comparison of
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the CED of conventional and electric drive trains in [142]. Assuming a battery system with a
capacity of 35.8 kWh, as for the recent e-Golf, the total emissions for the production of an EV
total 11.6 t CO2 eq., which is line with recently published values from the manufacturer [143,
p. 14].

For the operation phase, the underlying consumption values per 100 km are 5.8 l for the gasoline,
5.0 l for the diesel and 17.3 kWh for the battery-electric vehicle. These values are not taken from
manufacturer specifications, but are based on consumption data for Golf class vehicles from the
ADAC Ecotest [45]. The operational emissions for ICEVs comprise both the combustion-related
CO2 emissions from [51, p. 812] and the upstream GHG emissions for gasoline and diesel supply
from [50, GWP100, CML2001, cut-off system model]. For the operational emissions of BEVs
three cases are distinguished. The “DE 2020 constant” case, for which the electricity mix in
Germany for the year 2020 is assumed and kept constant for the coming years of operation, serves
as a baseline. For the “DE 2020+” case, also the year 2020 is assumed as a starting point, but
the annual decrease in the emission factor of electricity over the time of operation is considered.
With the “DE2030+” case, the sensitivity of the results with regard to the year of purchase is
analysed. In this case, the development of the electricity system from 2030 over the years in
operation is considered. Furthermore, analogous to the analysis in Subsection 5.2.3, a decrease
in electricity factor for battery manufacturing is assumed, while the emission factors for the
production of battery materials are kept constant.

For all of the described cases the previously calculated year-dependent GHG emission factors
of the German electricity mix from Figure 5–6 are applied for the BEV’s use phase. For the
emission factor of electricity in battery manufacturing the same relative decrease from 2020
to 2030 is assumed, leading to a reduction of the carbon footprint of battery production from
106 kg CO2 eq. to 91 kg CO2 eq. per kWh of battery capacity.

Results and Discussion

Figure 5–8 shows the GHG emissions of the considered vehicles over the minimum required
lifetime of about 10 years stated in [32, pp. 14, 70]. For the conversion of vehicle kilometres into
years, the average annual mileage of German passenger cars in 2017 of 13 257 km according to
[49, p. 1] is assumed. It must be taken into account that this type of vehicle comparison presumes
a similar annual mileage, lifetime and utilisation of both vehicle types, while potential advantages
due to a larger range of ICEVs are not covered.

The results show that for all considered cases the larger carbon footprint in the production of the
BEV is offset in less than five years of operation due to lower operational emissions resulting
from the higher efficiency of the electric drive train. While for gasoline and diesel vehicles the
operational emissions amount to 168 and 138 g CO2 eq. km−1, respectively, the higher efficiency
leads to lower operational emissions for BEVs of 74 g km−1 for the year 2020. If the future
decarbonisation of the electricity system is considered, this value further decreases to an average
of 68 g km−1 for the “DE 2020+” and of 39 g km−1 for the “DE 2030+” case. This means that
once the break-even between the emissions of the two vehicle types is reached, the relative carbon
footprint of the BEV compared to the ICEV is increasingly improving.
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Figure 5–8: Climate impact of a gasoline and diesel combustion engine vehicle and a
battery-electric compact-class vehicle as a function of operation year and
charging electricity

When comparing the BEV to the gasoline vehicle, the consideration of the future development of
the electricity system leads to a decrease of the break-even point from 3.3 years for the “DE 2020
constant” to 2.9 years for the “DE 2020+” case. For the diesel vehicle, which is characterised by
lower operational GHG emissions than the gasoline vehicle, this amortisation period is reduced
from 4.8 to 4.0 years when considering the decreasing emission factor of electricity. Furthermore,
the comparison of the “DE 2020+” and “DE 2030+” cases illustrates that the climate impact of a
BEV is considerably improving in the future. While the emissions of a BEV purchased in 2020
are equal to those of a gasoline and diesel vehicle after 2.9 and 4.0 years, respectively, a purchase
in 2030 reduces this amortisation period to 2.0 and 2.6 years. It should be noted that these values
do not consider future improvements in the production of battery materials, vehicle production
and the supply chain of conventional fuels. However, as shown in [104] the future improvement
potential for ICEVs is significantly lower compared to BEVs.

These results are valid for a compact-class BEV with a 35.8 kWh battery system. If instead a
BEV with a 50 kWh battery is compared to a gasoline vehicle, the payback period increases from
2.9 to 4.0 years for “DE 2020+”. This applies only for a simplified scaling of the results, however,
current trends indicate an increase in energy density in the future which can potentially lead to a
decrease in specific GHG emissions per kWh battery capacity. In addition, the carbon footprint
of the battery can be reduced to around 62 kg CO2 eq. per kWh battery capacity (see Figure 5–4),
if renewable electricity is deployed in battery production. In this case, the payback period for
“DE 2020+” decreases to 1.8 years for the comparison with a gasoline vehicle.

For the present analysis the load-independent average emission factors from Figure 5–6 are used.
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Instead, the emission factors in hourly resolution can be used to include the load characteristics
of BEVs into the assessment. In that case, as outlined by Fattler and Regett [141], also different
load management strategies can be evaluated, which can lead to a further emission reduction.

Summary

This assessment shows that when comparing the carbon footprint of a BEV with an ICEV, it needs
to be considered that for the BEV a significant improvement in operational emissions is to be
expected due to the transformation of the electricity system. This leads to a relative improvement
of the climate impact of BEVs compared to ICEVs over the vehicle’s lifetime and to an improved
carbon footprint for BEVs purchased in the future. This development potential in the medium-
to long-term needs to be considered when developing strategies for reaching future climate
targets in the transport sector. With the developed emission accounting method, which considers
increasing linkages between different energy carriers and the variability of renewable electricity
supply, an instrument for the assessment of future energy systems is provided. However, the
developed method does not cover repercussions of load changes on the energy system. Therefore,
the interaction of load-changing measures with the energy system is subject of the following
analysis.

5.4 Use: Interaction with the Energy System

Apart from renewable energy, another CE approach identified for the use phase is the sharing of
the battery for multi-use cases (see Section 4.2). This means that during the charging process
the traction battery is deployed for other energy system services by means of load management
or V2G, which leads to a change in the load profile. But, as outlined in Subsection 5.3.1, a
major challenge for emission assessment of electricity is to include the interaction with the
energy system. Therefore, in Subsection 5.4.1, the attributional mix method is compared to a
consequential marginal method to identify suitable indicators for the assessment of load-changing
measures interacting with the energy system. In this context, load-changing measures include
storage processes, load management strategies as well as electrification and efficiency measures.
Then, in Subsection 5.4.2, the two methods are applied to a CE approach for EV batteries by
assessing the emission savings of a battery sharing concept. In this case, the climate impact of a
change in load profile due to load management for peak shaving is compared for the electricity
mix and the marginal power plant method.

5.4.1 Marginal Power Plant Method and Comparison with Mix Method

The following description and comparison of the mix and marginal power plant method,
which are elaborated on by Kranner [144], Plege [145] and Taylor [146], originates from
Regett, Böing, Conrad, Fattler and Kranner [147, © 2018 IEEE].

Methodology and Input Data

To identify the suitability of the two emission assessment methods for the evaluation of load-
changing measures, first, the emission factor of electricity for the electricity mix is compared to
the emission factor of the marginal power plant in each hour of the year 2030. The marginal power
plant is the one with the highest marginal costs which is in operation in the respective hour, and
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increases or decreases generation if a marginal change of load occurs. The differences between
the two assessment methods for the considered energy system scenario are then explained by
comparing the merit order curve of conventional power plants and their corresponding emission
factors. Then, for each method a correlation analysis of the hourly emission factors with the
share of renewable electricity and the “residual load 2.0” is conducted, which in [148] is defined
as the residual load (loss less renewable generation) including cross-border trade flows. Finally,
the strength and weaknesses of the derived indicators are discussed with regard to their suitability
for assessing load-changing measures. Below, the four main steps of the described procedure are
explained in more detail.

Emission factor of electricity: First, the specific emission factors of electricity according to
the electricity mix and the marginal power plant method are compared by plotting the emission
factor of the electricity mix against the emission factor of the marginal power plant in each hour
of the year. The emission factor of electricity for the mix method em fel,mix in each hour h is
determined by

em fel,mix(h) =

∑
pp Epp(h)∑

pp Pel,pp(h)
(5–14)

with Epp being the CO2 emissions from fuel combustion in the power plant pp and Pel,pp being
the power plant’s electricity output. The CO2 emissions of each power plant amount to

Epp(h) = em ff · Pf,pp(h) ·
Pel,pp(h)

(Pel,pp(h) + Pth,pp(h))
(5–15)

where Pf,pp is the energy content of the fuel f burnt in the power plant pp and em ff is the
combustion-related CO2 emission factor. To allocate the total emissions of a CHP plant to its
electricity and heat output the energy method of the IEA is used. For this purpose, the determined
emissions are multiplied with the share of electricity Pel,pp in the plant’s total energy output,
including the heat output Pth,pp (see also Subsection 5.3.2).

For the marginal method, the specific CO2 emission factor of electricity is equal to the emission
factor of the marginal power plant em fel,m in the respective hour h and is determined by

em fel,m(h) = em ff ·
Pf,mpp(h)
Pel,mpp(h)

, (5–16)

with Pf,mpp being the fuel consumption of the marginal power plant mpp and Pel,mpp being the
plant’s electricity output. In the day-ahead electricity market the marginal power plant sets the
price. Therefore the marginal power plant in each hour is determined by matching the time
series of electricity prices with the marginal costs of each power plant. As described in [144,
pp. 33-34], in case there is no exact match, the power plant with the closest marginal costs is
selected. Moreover, due to the additional district heating demand, it is assumed that CHP plants
don’t constitute marginal power plants [144, p. 31].
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The fuel-related emission factors come from the German national GHG inventory [51, pp. 811–813]
and entail only direct CO2 emissions from fuel combustion. The marginal costs of all German and
Austrian power plants are taken from the power plant database of the Research Center for Energy
Economics (FfE). The database consists of three parts, namely the lists of existing plants and
planned additions or deconstructions from [149–151], manually researched data on plant-specific
parameters, such as efficiencies, as well as techno-economic parameters of different plant types,
e.g. start-up or operational costs from [126, 152, 153]. The time series of electricity generation
and prices are simulation results from the energy system model ISAaR which is described in
Subsection 5.3.2.

Energy system scenario: The simulated time series represent a scenario which has been
developed in the context of the project Merit Order Netz-Ausbau (MONA) 2030 and is described
in [154] and [155]. Table 5–3 summarises the key parameters of the “MONA 2030 standard”
scenario applied here. This scenario is supplemented by parameters for the European neighbouring
countries following “Vision 2” of the ten-year network development plan 2016 [156]. As described
in Subsection 5.3.2, the installed RES capacities are translated into generation profiles using
regionalisation algorithms and weather data. Combined with the other input data from Table 5–3,
this forms the basis for the subsequent dispatch planning of the ISAaR model which delivers the
electricity generation and fuel consumption per power plant unit as well as the electricity price
for a whole year in hourly resolution. Strictly speaking, the electricity prices resulting from the
optimisation constitute hourly marginal costs of electricity generation which in a perfect market
correspond to electricity prices.

Table 5–3: Key scenario parameters for Germany in the “MONA 2030 standard” scenario
© 2018 IEEE

Parameter Value

CO2 certificate price in e t−1 30

Fuel prices of oil/gas/hard coal/lignite in eMWh−1 52/29/9.5/1.5

Installed fossil electrical capacity without reserves in GW 59

Installed electrical capacity of wind offshore/onshore/PV in GW 15/59/77

Electricity demand incl. grid losses in TWh a−1 499

Renewable share without curtailment in % 61

Merit order curve: The differences between the two emission assessment methods can be
explained by the merit order effect. Therefore, first, the merit order of conventional power plants
is generated by plotting the marginal costs for electricity of each power plant, comprising fuel,
operation and CO2 costs, against its installed capacity based on data from the FfE power plant
database. The power plants are sorted by ascending order according to their marginal costs so as
to reflect the order of bids in the day-ahead electricity market. While there is a feed-in priority for
RESs, conventional power plants are dispatched according to their marginal costs. Depending on
the residual load, the electricity price is determined by the marginal costs of the last power plant
needed to meet the demand. The merit order curve is then complemented by an additional figure
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showing the corresponding emission factor of electricity for each power plant. The emission
factor is derived from the fuel-specific emission factor from [51, pp. 811–813] divided by the
power plant’s efficiency.

Correlation analysis: For further analysis, for both methods the share of RESs in total electricity
generation and the residual load 2.0 are plotted against the emission factor of electricity in each
hour. The time series for renewable and total electricity generation as well as the residual load
2.0 are derived from the optimisation results for the “MONA 2030 standard” scenario.

It should be noted that due to the scope of the analysed scenario only direct combustion-related
CO2 emissions are determined. As this analysis aims at a relative comparison of the two methods,
in this case, no up-scaling to GHG emissions as in Section 5.3 is carried out.

Results

In Figure 5–9 the emission factor of the marginal power plant (abscissa) is compared to the
emission factor of the electricity mix (ordinate) for each hour (dots) of the year 2030. The colours
of the dots indicate the type of marginal power plant in the respective hour. The comparison
shows that the marginal power plant and the electricity mix method can lead to opposing hourly
emission factors. This applies especially for those hours in which the marginal power plant is a
lignite power plant with a high emission factor or a gas-fired power plant with a low emission
factor. This can be explained by the so-called merit order dilemma of emissions as illustrated in
Figure 5–10.
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Figure 5–9: Comparison of the hourly, direct CO2 emission factors according to the electricity
mix and the marginal power plant method for the “MONA 2030 standard”
scenario © 2018 IEEE
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Figure 5–10: Merit order of conventional power plants in Germany and Austria in 2030 and
corresponding direct CO2 emission factors (for combined heat and power: full
allocation to electricity) © 2018 IEEE

While power plants with a high emission factor such as lignite have relatively low marginal costs,
less emission-intensive power plants running on gas are characterised by high marginal costs.
Therefore in times of a low residual load, mostly corresponding to a large share of renewable
electricity generation and therefore a low emission factor of the electricity mix, the marginal
power plant is usually coal-fired. In contrast, less emission-intensive gas-fired power plants
mostly run in times of high residual load, coinciding with smaller shares of RESs as well as
larger shares of electricity generation from coal, and therefore larger emission factors of the
electricity mix. As discussed in Böing, Regett et al. [157], this dilemma is reduced if an increase
in CO2 certificate costs results in a switch of gas- and coal-fired power plants in the merit order.

Figure 5–11 and Figure 5–12 show the correlation of the hourly emission factors according to
the electricity mix and the marginal power plant method with the share of RESs in electricity
generation and the residual load 2.0. For the electricity mix method a strong negative correlation
of the emission factor with the share of renewable generation (R2 = 0.95) and a medium positive
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correlation with the residual load 2.0 (R2 = 0.46) can be observed. This means that, in case of
using the electricity mix method for load assessment, the share of RESs in the system is reflected
well. Furthermore, the results indicate that, when using the mix method, a load shift to hours with
a low emission factor would not immediately lead to a further increase of peak residual loads.

For the marginal power plant method, on the contrary, no correlation can be observed, but
depending on the type of marginal power plant certain patterns are identified. The hours in
which the marginal power plant is renewable, for example, can be used to identify whether
there is a surplus of renewable electricity available. These hours go along with high shares of
renewable electricity and low residual loads. Despite the marginal power plant being renewable,
the share of renewable electricity is lower than 1 and the residual load is not always smaller than
0 because of inflexible, must-run and CHP power plants. In general, it can be said that these
are the hours which should be targeted in order to integrate renewable surplus electricity from a
market perspective. While for these hours the marginal power plant method constitutes a good
indicator for load management, it needs to be considered that the load shift is limited by the
extent of negative residual load in the corresponding hour. Furthermore, Figure 5–12 (b) shows
that due to the merit order effect the residual load 2.0 is higher in hours in which gas-fired plants
determine the price than in hours in which emission-intensive coal-fired power plants constitute
the marginal power plant. Therefore, an optimised load management based on hourly marginal
emission factors would lead to an increase in peak residual load. With regard to the share of
renewable electricity, there are large variations for all types of conventional power plants. The
hours in which lignite power plants are marginal are mostly characterised by large shares of RESs,
which can be explained by the front position of lignite power plants in the merit order. Thus, the
marginal emission factor is not a good indicator for reflecting the share of RESs in the system.

Discussion

In Table 5–4 the strength and weaknesses of using the two types of emission factors as indicators
for the assessment of load-changing measures are summarised. As both emission assessment
methods do not fully reflect excess renewable electricity, the residual load 2.0 is added as a
separate indicator. It can be seen that all indicators are valid for a certain field of application.
The emission factor of the electricity mix, for instance, is a good indicator for the share of RESs
and the carbon intensity of electricity. The emission factor of the marginal power plant, on
the contrary, provides insights into the short-term emission effect of a marginal change of load
resulting from load management, efficiency and electrification measures or storage processes.
The residual load 2.0 can serve as an additional indicator for the marginal power plant method to
provide information on the amount of surplus renewable electricity.

However, it needs to be considered that the described marginal power plant method is not valid
for energy systems with large shares of RESs. This is illustrated by the future scenario for
2050 from [10] in which the GHG emission reduction target for Germany of 95 % compared to
1990 is reached. In that case, the optimisation results show that the electricity price is not only
determined by domestic power plants, but is largely determined by foreign power plants and other
conversion units such as PtX. Therefore in Böing and Regett [123] another marginal assessment
approach is proposed, according to which the hourly marginal emission factors are determined
by comparing two optimisation runs with a marginal increase in load. While system effects
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Figure 5–11: Correlation of direct CO2 emission factors of the electricity mix with the share
of renewable electricity (a) and the residual load 2.0 (b) for the “MONA 2030
standard” scenario © 2018 IEEE
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Figure 5–12: Correlation of direct CO2 emission factors of the marginal power plant with the
share of renewable electricity (a) and the residual load 2.0 (b) for the “MONA
2030 standard” scenario © 2018 IEEE
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are better accounted for, this approach has the disadvantage that the hourly emission factors for
two separate optimisation runs can only be compared to a limited extent, due to the temporal
dependencies of the energy system model.

But the use of static indicators, derived from existing scenarios, and marginal approaches, with
their discussed shortcomings, are insufficient when large load changes and a long-term perspective
are to be considered. Hence, in [10, 158] a step-by-step approach is described, which increasingly
incorporates energy system effects into the assessment of CO2 abatement measures. For this
purpose, changes in final energy demand resulting from the implementation of load-changing
measures in the consumption sectors are handed over to an energy system model. By comparing
two optimisation runs, before and after the implementation of the measure, large-scale changes
as well as long-term effects on the energy supply sector are incorporated into the assessment.

Table 5–4: Strength and weaknesses of the analysed indicators for the “MONA 2030 standard”
scenario © 2018 IEEE

Representation of: Indicator:

Emission factor of
electricity mix

Emission factor of
marginal power plant

Residual load 2.0

Share of renewable
electricity

High correlation
(R2 = 0.95)

Low correlation due
to merit order
dilemma

Medium correlation
with renewable share
(R2 = 0.6)

Excess renewable
electricity

No information about
surplus electricity

Times with surpluses
are shown, but not
amount of surplus

Times and amount of
renewable surpluses
are represented

Carbon intensity of
electricity sector

Quantification of
average emissions of
total electricity
generation

Only emissions on
the margin are
quantified

Emissions are not
considered

System effects of
load-changing
measures

Average values of
existing system do
not reflect effects of
load changes

Quantification of
marginal effects on
emissions due to load
changes

Quantification of
marginal effects on
residual load, but not
on emissions

Summary

With the electricity mix and the marginal power plant method two different approaches for
calculating hourly emission factors of electricity are presented. Due to the merit order dilemma
of emissions, for the analysed scenario, discrepancies between hourly emission factors occur for
the two methods, with some hours even showing significantly opposing results. Therefore, when
using the calculated emission time series for the assessment of load-changing measures, such as
storage processes, load management strategies as well as efficiency and electrification measures,
the two methods lead to different results with regard to emission reduction and integration of
renewable surplus electricity. While the electricity mix method is suitable for describing the
existing energy system and the share of renewable electricity, the marginal power plant method
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indicates times of renewable surplus electricity and reflects short-term marginal effects resulting
from small load changes.

These differences between the two methods bear the risks of a misuse to promote or discredit a
certain technology. Therefore a thorough choice of method depending on the application and the
question to be answered is required. As summarised in [10], the electricity mix method is a good
choice for an assessment of existing technologies, since emissions are allocated to the different
electricity consumers. Marginal methods, on the contrary, are to be used for the assessment of
energy system effects. The marginal power plant method, for example, is suitable to determine
the impact of a load change on the dispatch of power plants and is, in the case of EVs, therefore
especially useful for load management strategies. While the analysed indicators can be calculated
from existing simulation results, the incorporation of large-scale and long-term system effects
requires a more extensive assessment approach, for which complex energy system optimisation
runs are needed. These kinds of analysis are relevant for long-sighted policy making, as for
example the demand for RESs and storage capacities resulting from a large-scale penetration of
EVs can be determined.

5.4.2 Exemplary Application: Battery Sharing through Load Management for Peak
Shaving

The two previously described emission accounting methods, electricity mix and marginal power
plant method, are now applied to the case of sharing the battery’s functionality for industrial peak
shaving. The description and illustration of the case study stem from Regett, Kranner, Fischha-
ber and Böing [159], building on [144] and [160].

Case Definition

As an exemplary sharing concept, a bidirectional charging management for industrial peak
shaving in an office building is analysed. In this multi-use case, the power and storage capacity
of the EV batteries is shared between the car owners and the company. The analysed load profile
originally comes from a real office building of a software company with around 100 employees,
which is complemented by the load for directly charging the BEV fleet. The load profile is
characterised by a maximum annual peak load of 141.3 kW. The charging process of the BEVs
is responsible for the load peaks in the morning. The load peaks in summer are induced by air
conditioning, for which the load shifting potential is limited.

Therefore, in order to decrease the peak load and thereby reduce the demand charge for electricity,
a load management strategy with V2G is examined. In the load management scenario, the EV
fleet consists of three vehicles being available between 7 am and 6 pm. Each EV battery system
is characterised by a 20 kWh storage capacity, 22 kW charging and discharging power as well as
a system efficiency of 85 %. Under these circumstances, the maximum peak load can be reduced
to 80.4 kW. This is done by shifting the charging process and by deliberately charging and
discharging the EV batteries, whilst ensuring that the state of charge at the end of the day is equal
to the case without peak shaving. Next to the comparison with the unsmoothed load profile, the
load management scenario is further compared to the use of a diesel generator which generates
electricity every time the load boundary of 80.4 kW is exceeded. It is assumed that the diesel
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generator with an efficiency of 34 % is purchased specifically for the peak load management
application.

To assess the emission effect of load management for industrial peak shaving, the changes in
direct, energy-related CO2 emissions for electricity generation due to the change in load profile
are quantified. For the comparison with the diesel scenario, the emission changes resulting from
the change in load profile and the saved CO2 emissions from diesel combustion are accounted
for. Thus, in both cases only the effects on combustion-related CO2 emissions for electricity
generation in the operation phase are considered. For diesel the emission factor from [51,
p. 812] is used. The direct CO2 emissions associated with the increase or decrease of electricity
generation are quantified using the time-resolved emission factors of the electricity mix and the
marginal power plant for the “MONA 2030 standard” scenario described in Subsection 5.4.1.

The load profiles needed for the assessment of the load management scenario are calculated
using the simple peak shaving model described in [144]. Based on the company’s load profile,
including an uncontrolled charging process of the selected BEV fleet, a smoothed load profile
due to load shifting and V2G is calculated. For this purpose, the BEV fleet is considered as a
storage system. The model derives the charging and discharging power of the storage system
in order to keep the total load below a preset limit, while considering the battery parameters
described above. The load limit and the number of BEVs are chosen in a way that an almost
optimal configuration for peak shaving of the analysed load profile can be achieved.

For further calculations, a differential load profile is derived by subtracting the load profile for
the scenarios “no peak shaving” and “diesel generator” from the modelled load profile of the
“load management” scenario. The differential load profile is then multiplied with the time series
of emission factors from Subsection 5.4.1 so as to determine the emissions of the change in
electricity demand due to load management for peak shaving. This is done both for the case
without peak shaving as well as for the peak shaving scenario with a diesel generator. Additionally,
for the diesel generator scenario the emissions from diesel combustion are subtracted.

Results and Discussion

When comparing load management for peak shaving to the load profile without peak shaving in
2030, a slight increase of CO2 emissions for electricity of 33 kg a−1 for the marginal method and
a slight annual reduction of 38 kg a−1 for the mix method are observed. When attributing these
emission savings of the load management concept to the traction battery, the emissions for battery
production can be reduced by around 5 % for the mix method, if GHG emissions for battery
production of around 106 kg CO2 eq. per kWh battery capacity (see Section 5.2) and a life time
of electric vehicles of around ten years (see Subsection 5.3.3) are assumed. However, it needs to
be considered that these savings only include direct, combustion-related CO2 emissions.

The comparison of load management for peak shaving with the diesel generator scenario
emphasises that the emission effect is strongly dependent on the substituted technology. The large
emission savings of 2 118 kg a−1 for the marginal method are mainly due to the saved emissions
from diesel combustion for smoothening the morning peaks induced by the BEV fleet. If instead
a load management concept substitutes stationary batteries with the same parameters as the BEV
fleet, the emission savings would amount to 326 kg a−1 for the marginal and 161 kg a−1 for the
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Figure 5–13: Percentage change in annual CO2 emissions for electricity demand due to load
management (LM) for peak shaving compared to no peak shaving (left) and peak
shaving by a diesel generator (right)

mix method. These savings can be attributed to the additional losses of the stationary battery
when shaving load peaks. If a charging management is already implemented in the reference
case, so as to prevent additional load peaks from BEVs, the emission savings would decrease.
On the contrary, in case not only the operation phase, but also the prevented production of the
substituted technology (e.g. diesel generator or stationary battery system) is accounted for, the
CO2 emission savings would increase.

As can be seen from Figure 5–13, the impact of peak load management on the total annual
emissions for electricity demand of the analysed company are for both reference cases and
methods negligible, with values lying in the range of model and data uncertainties. Considering
that in case of a peak load management application the amounts of electricity shaved or shifted
are low (around 2.5 % of the total annual electricity demand), a larger change in annual emissions
can be expected for applications characterised by a greater number of charging and discharging
cycles. Furthermore, Figure 5–13 points out that the comparison of the load management with
the diesel scenario leads to a larger change in annual emissions than the comparison with the
unsmoothed load profile. This can be explained by a larger difference in emission factors of
electricity from the diesel generator (782 g kWh−1) and electricity from the grid, as compared to
the difference in hourly emission factors of electricity from the grid due to load shifting in the
load management concept.

For a better understanding of the difference between the marginal and the mix methods, the
differential load profiles (load management less reference case), as well as the specific emission
factors of electricity for both methods, are shown in Figure 5–14. The depicted time period is
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Figure 5–14: Differential load (left axis) and direct CO2 emission factor of electricity for the
marginal and the mix method (right axis) for an exemplary day

an exemplary day close to the average day of the year. In general, the hourly emission factor
of the electricity mix is in about 85 % of the year lower than the hourly emission factor of the
marginal power plant which is mostly gas- or coal-fired. However, the differences between the
two methods vary over the day, meaning that the impact of the chosen method depends on the
analysed load profile.

Looking at the differential load profile for the load management scenario compared to the
unsmoothed load profile, it can be seen that the charging process is partially postponed from
7 am to 8 am. As the emission factors for these two hours are similar for both the mix and the
marginal methods, neither a large change in annual emissions nor a large difference between the
two methods can be observed. This can be explained by the fact that in case of a load shift, the
hourly emission factors at times of negative and positive differential load determine whether the
emissions are levelled out. Thus, for the mix method, the change in annual emissions would for
example increase if the load is shifted between day and night, since the differences in hourly
emission factors are larger.

The differential load profile for the load management concept compared to the diesel scenario, on
the contrary, shows an increased electricity demand from the grid at 8 am. This results from the
postponed charging process which does not occur in the diesel scenario, since the peak load is
provided by the generator. For the diesel scenario the difference between the two methods is
larger because the emissions for electricity from the diesel generator stay the same, while in the
respective hour the increased emissions from the grid are larger for the marginal than for the mix
method.

Overall, the results indicate that from the company’s perspective the percentage changes in
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CO2 emissions for electricity demand due to load management with V2G for peak shaving are
low. In contrast, for an annual demand charge of 80e kW−1 the peak load application leads to
significant cost savings of almost 5 000e a−1. It needs to considered, however, that the quantitative
results for this specific application are not directly transferable to all load management applications.
This is attributable to the fact that the emission changes from bidirectional charging management
strongly depend on the used energy system modelling results, the analysed application, the load
characteristics, the parameters of the BEV fleet as well as the precise charging management
strategy. In the investigated load management application for peak shaving, the sensitivities with
regard to emission savings and load reduction are large, and depend essentially on factors which
are specific to the use case under investigation. This includes the number of BEVs, the attendance
time, the available battery capacity as well as the level, time and duration of the load peaks. The
chosen parameters and load profile constitute a load management-friendly scenario. Thus, in a
real case a thorough analysis of the described factors is needed before implementation. Also the
load shifting algorithm has an impact on the load shaving potential and the emission savings, and
can for example be improved by considering monthly instead of yearly peak loads.

Summary

The exact impact of bidirectional charging management applications on CO2 emission for
electricity is determined by various factors. However, it can be noted that the change in emissions
depends on the temporal shift of the load, leading to different emission factors for electricity
demand, as well as the additional energy demand due to battery losses in case of a feed-in to
the grid. While peak load management leads to a decrease of electricity costs due to a reduced
demand charge, in the analysed scenario a small relative change in CO2 emissions compared to
the total emissions for the company’s electricity demand was observed. This can be attributed to
the small share of electricity demand affected by peak load management and the small difference
between the hourly emission factors due to load shifting. When attributing the emission savings
from the load management application to the production of traction batteries, it can be seen
that the savings strongly depend on the substituted technology. While the savings are small or
even negative for the comparison with the unsmoothed load profile, the emission savings due to
load management can exceed the emissions for battery production in case a diesel generator is
substituted.

It is demonstrated that existing energy system modelling results can be used for assessing the
environmental effects of a small-scale change of load resulting for example from battery sharing
concepts, such as load management with V2G. With the marginal power plant method an approach
is applied which considers short-term energy system effects, but does not necessitate additional
simulation runs. However, as outlined in Subsection 5.4.1, if large-scale changes in electricity
demand and a long-term perspective are to be considered, a more comprehensive approach is
required.

5.5 End-of-Life: Ageing Processes

Moving from the use phase to the EoL phase, the lifetime extension of the battery in an SL
application has been identified as a feasible CE approach in Section 4.2. In this context, the
battery’s state at its EoL in the vehicle and the battery’s behaviour in the SL application become
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important. The following description and exemplary application of the method to integrate
battery ageing modelling results into the environmental assessment of SL batteries builds on
Regett and Fischhaber [61] and Fischhaber, Regett, Schuster and Hesse [33].

5.5.1 Overview: Life Cycle Assessment of Second-Life Batteries

As described in [33, p. 112], existing LCA studies on SL can be divided into two types. While
[161] and [162] directly compare SL batteries with new batteries, the focus of other studies such
as [163–165] is on the assessment of a new battery application and the comparison of SL batteries
with other competing technologies. These two cases are also distinguished in the assessment by
Richa et al. [166]. As outlined in [33, pp. 112–113], in principle, those studies considering a
substitution of a new battery system disclose an environmental improvement through SL. If, on
the contrary, the SL battery is applied in a new battery storage application, the saving potential is
strongly dependent on the environmental benefit of the application itself, as well as the displaced
technology.

The following analysis aims at determining the emission and resource saving potential of an SL
battery resulting from the replacement of a new battery system. For this purpose, the Li and Co
demand as well as the energy-related GHG emissions for the production of the battery system
being substituted by the SL battery are to be identified. However, the prerequisite for these two
systems to be comparable is that the functionality of the SL battery is equal to the functionality
of the replaced new battery system. As the functionality of a battery is strongly dependent on
the time in operation and the available capacity, which decreases dependent on time and usage,
ageing processes need to be considered in the assessment. This is underlined by the overview in
[33, p. 113] which points out that the emission saving potential of an SL battery does not only
depend on the environmental footprint of the substituted technology, but also on the battery’s
ageing behaviour.

The available remaining capacity of a battery, being referred to as state of health (SoH), can be
quantified using battery ageing models. As outlined by Groot [167], ageing models describe the
decrease in capacity or the increase in impedance resulting from calendar and cyclic ageing of
the battery cell. These ageing mechanisms are complex and strongly depend on the respective
conditions, but can in principle be understood as side reactions leading to the consumption of
cyclable Li, the reduction of accessible electrode material or the change in electrode structure
[167, pp. 2–3]. As described by Schuster [168, pp. 31–32], the ageing process of a battery is in
principle characterised by a short non-linear phase resulting from formation processes, followed
by an almost linear decrease in SoH until eventually a sharp, non-linear capacity loss can be
observed at low residual capacities. However, Schuster [168, p. 114] comes to the conclusion
that non-linear ageing can be prevented for example by ageing-dependent load adaptation.

The idea of including battery ageing mechanisms into the LCA of SL applications has already
been picked up for example in [163, 164, 169] by using SoH functions to determine the capacity
decrease and the lifetime of SL batteries. But when directly comparing an SL battery with
a new battery, also the ageing of the substituted stationary battery needs to be considered in
detail. To this end, Kim et al. [161] introduce the concept of the substitutable nominal capacity
which constitutes an approach to account for the difference in ageing of the SL battery and the
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substituted new battery. However, in the simplified approach applied in [161] no differentiation is
made between applications and cell types.

5.5.2 Integration of Battery Ageing Modelling Results

To account for functionality losses in the assessment of SL batteries, in the following, a method
is proposed combining the concept of the substitutable nominal capacity introduced in [161]
with the use of ageing modelling results. For this purpose, different SoH curves are used to
determine the substitutable capacity of an SL battery, thereby considering the dependency of the
substitutable capacity on the SL application, cell technology and EoL criteria. Hereafter, each
step of the developed methodological procedure for integrating battery ageing modelling results
into the assessment of SL batteries is described.

Definition of input parameters: As outlined in [61], the ageing process of a battery depends,
amongst others, on the cell type and the load profile. Therefore, first, the cell types of the
traction battery and the substituted stationary battery system are specified. Furthermore, for
each considered stationary application a load profile, serving as an input for the ageing model,
is selected. As the battery lifetime strongly influences the provided function, also the years
in operation both of the new and the SL battery are to be derived. For the SL battery this
operating time depends on the defined EoL and End-of-Second-Life (EoSL) criteria. These
criteria correspond to the share of capacity being left at the battery’s EoL and EoSL, respectively,
and are reflected by the SoH.

Simulation of battery ageing: For each stationary application and cell type the decrease of
SoH over time results from the run of a cell type-specific battery ageing model which is fed
with the corresponding load profile. Each model run results in a battery ageing function of type
SoH(t) with t being the year in use.

Translation into energy system service: So as to determine the functionality of the battery,
for each stationary application an indicator is defined which translates the remaining capacity
into the provided energy system service ess. This indicator is then linked to the ageing curve
SoH(t) to determine ess(t). By this additional step of translating the SoH into an energy system
service, also storage applications with a non-linear relationship between capacity decrease and
provided functionality are properly represented.

Quantification of substitutable capacity: As outlined in Equation 5–17, the substitutable
capacity sc depends on the application ap, the cell type of the traction battery cttb, the cell type
of the substituted stationary battery ctsb as well as the remaining capacity of the used traction
battery ceol,tb. The substitutable capacity can be determined by multiplying the capacity of the
used traction battery when entering the SL application ceol,tb with the energy system service
provided by the SL battery essslb compared to the energy system service esssb, which would
have been provided by a stationary battery with the same capacity. Thus, by means of the second
term in Equation 5–17 the difference in functionality and lifetime of the reused SL battery in
comparison to a new stationary battery is taken into account.
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sc(ap, cttb, ctsb, ceol,tb) = ceol,tb ·

teosl∑
t=teol,tb

essslb(t,ap, cttb, ceol,tb)

teol,sb∑
t=0

esssb(t,ap, ctsb, ceol,tb)

(5–17)

While for the new stationary battery the energy system service esssb is cumulated from the
starting year to its defined year of EoL teol,sb, for the SL battery essslb is added up over its time
of use in the stationary application. This means from year teol,tb, where the SoH is equal to the
specified EoL criterion of the traction battery, until year teosl, in which the SoH equals the defined
EoSL criterion for the SL battery. As the lifetime of a stationary battery is limited by teol,sb,
also for the SL battery a maximum operation time is introduced. This timespan results from the
lifetime of the stationary battery less the lifetime of the SL battery in its first life in the vehicle.

The finally resulting substitutable capacity describes the capacity of the replaced stationary
battery system which over its operation time would deliver the same energy system service as the
used SL battery. Thus, it reflects the influence of battery ageing and lifetime on the provided
function.

Quantification of critical metal and emission savings: In order to determine the critical
metal and GHG emission savings of SL batteries, the quantified substitutable capacity is then
multiplied with the critical metal demand (in this case Li and Co) and the GHG emissions
associated with the production of the substituted stationary battery modules. In case a recycling
of stationary batteries is considered, the respective critical metal demand needs to be reduced by
the potentially recycled metals at the stationary battery’s EoL.

5.5.3 Exemplary Application: Second-Life in Stationary Battery Applications

The described method is now applied to two exemplary SL applications which are selected based
on the analysis and stakeholder process in the course of the study by Fischhaber, Regett, Schuster
and Hesse [33]. The chosen applications, namely the use for primary control reserve (PCR) and
as a home storage system (HSS), are not only of interest because of recent market developments,
but also because they are characterised by different types of load profiles.

Definition of Scope

First, the system boundary as depicted in Figure 5–15 is defined. After its first life in the EV a
traction battery with an original nominal capacity of 1 kWh is remanufactured and the modules
are fed into an SL application. This prevents the production of new stationary battery modules,
and thereby avoids energy-related GHG emissions as well as Li and Co demand.

Considering an EoL criterion of 70 % of the original nominal capacity, the used traction battery
is entering the SL application with a capacity ceol,TB of 0.7 kWh. This EoL criterion is derived
from manufacturer warranties as well as [170]. After the remanufacturing process, entailing
the disassembly of the traction battery, the testing and sorting of the modules and the assembly
of the new battery system [98, pp. 25–29], the repurposed stationary battery system enters the
stationary application.
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Figure 5–15: System boundary for the assessment of Second-Life applications

In this case, the SL battery is deployed for PCR or as an HSS. Control reserve is needed for the
event of an imbalance between power supply and demand in order to stabilise network frequency.
As described in [171, pp. 8–9], PCR is automatically activated in the event of a frequency
deviation in a non-selective manner, meaning that the deployment of PCR is directly controlled
by the network frequency. According to the German pre-qualification requirements, an activation
of the complete PCR has to be performed within 30 seconds [171, p. 17]. Thus, as large power
gradients in both directions are required, batteries constitute a viable option for delivering PCR.
As explained in [126, pp. 142–143], the idea behind using batteries as HSSs is the increase of
self-consumption from the rooftop PV system due to a temporal decoupling of PV generation and
electricity demand. The increased self-consumption leads to a decrease of electricity demand
from the grid and potentially a decrease of electricity costs.

As the SL battery has already aged during its use in the vehicle, its ageing process and operation
time in the stationary application differ from those of a new battery. Hence, the method described
in Subsection 5.5.2 is used to determine the substitutable capacity sc, based on which Li, Co and
energy-related GHG emission savings are derived. In case of the PCR application the provided
power is used to describe the energy system service ess. For the deployment as an HSS, on the
contrary, the share of the household’s total electricity demand supplied by PV electricity from
the HSS is selected as an indicator to translate the remaining SoH into an energy system service.
In the following, this share is referred to as “battery self-coverage share”. Furthermore, the
ageing process is dependent on the cell type. Here, for traction batteries the cell type NMC and
for stationary batteries the cell types NMC and LFP are chosen for PCR and HSS, respectively.
Reasons for the selection of these cell types are their currently large market shares (see Table 5–5)
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as well as the availability of ageing modelling results.

The final end of the operation time is in this case reached if either the SL system reaches 50 %
of the traction battery’s original nominal capacity, as defined in [170], or if the SL battery’s
maximum operation time is reached. For reasons of consistency, this maximum lifetime is
derived from the lifetime of the stationary battery less the battery’s operation time in the vehicle.
While in this case the lifetime of the stationary battery is assumed to be 20 years according to the
requirements specified in [172, pp. 4] and [32, p. 70], for the first life in the vehicle a minimum
of 10 years as in Subsection 5.3.3 is assumed. This leads to a maximum operation time of the SL
battery of 10 years.

As depicted in Figure 5–15, only GHG emission and critical metal savings resulting from
preventing the production of a new battery system are included. The processing, use and
recycling of the battery systems, on the contrary, are not included in the system boundaries of
this analysis.

Input Data

In order to determine the substitutable capacity according to Equation 5–17, the SoH curve of
an NMC battery used as an HSS and for PCR are required. As for the HSS application an LFP
battery is substituted, furthermore, the capacity decrease of an HSS of type LFP is needed. Here,
the SoH curves described in [33, pp. 78–81] and [61] are used.

The underlying load profiles and battery configurations, both for HSSs and for PCR, are described
in detail in [33, pp. 53–64]. The PCR load profile stems from the EEBatt project [173] at the
Institute for Electrical Energy Storage Technology (EES) of the Technical University of Munich
and is valid for a storage system offering PCR in a pool. The load profile for the HSS application
is taken from the e-GAP project of the FfE [174] and represents a single-family house with an
EV, a PV system and an HSS in Garmisch-Partenkirchen. Using these load profiles, the SoH
curves are an output of the NMC ageing model developed at the EES, which is described in [33,
pp. 72–81], and the LFP ageing model developed at the FfE, which is summarised in [61].

The influence of the load profile on the SoH curves is shown in Figure 5–16, using the example
of the NMC battery which ages much stronger in the HSS application. This is due to the deep
charging and discharging cycles which have a great influence on the ageing of the considered
NMC cell. Furthermore, it can be seen that the SoH is reduced in a non-linear pattern in the first
years which can be explained by formation effects [168, p. 31]. Due to a lack of data, for the SL
battery the prehistory in the vehicle is not considered. Instead the same SoH curves as for the
new NMC battery are used, but starting in the year in which the SoH is just below 70 %.

As LFP batteries are characterised by a large cycle stability [69, p. 26], the decrease in capacity
of the HSS is slower for an LFP than for an NMC system. For the considered LFP ageing model
and the HSS load profile this leads to an SoH of just under 80 % after 20 years in use. However,
it needs to be considered that these are only model results, while the actual ageing processes can
vary strongly depending on the cell and the respective circumstances. Therefore, battery ageing
model results need to be treated with caution, especially since the comparability between ageing
models with different levels of complexity is limited [61].
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Figure 5–16: Capacity decrease for a battery with a nickel-manganese-cobalt cathode with a
depth of discharge of 100 % (ageing curve of the Institute for Electrical Energy
Storage Technology from [33, pp. 80–81])

For PCR the provided energy system service, in this case offered balancing power, is linearly
reduced with the decrease in SoH to maintain the same Power-to-Energy (P/E) ratio. For HSSs
the relationship between the decrease in battery self-coverage share and the remaining capacity is
taken from [33, pp. 98–99] which builds on the methodology described in [175].

So as to determine the critical metal savings from the calculated substitutable capacity, for Li and
Co the metal content in NMC622 and LFP battery systems from Table 3–2 is used. To calculate
the energy-related GHG emission savings the same database as in Subsection 5.2.3 is applied,
and expanded from NMC622 to LFP for the HSS application. However, in case of the chosen
remanufacturing concept only the battery modules are substituted, therefore the energy-related
GHG emissions of the module production excluding other components are determined. These
amount to 93 kg CO2 eq. per kWh for NMC622 modules and 78 kg CO2 eq. per kWh for LFP
modules.

Results and Discussion

The resulting Co, Li and GHG emission savings are depicted in Figure 5–17. It can be seen that
the savings are smaller for the application of an SL battery as an HSS than for the case of using
the SL battery for the provision of PCR. This can, on the one hand, be explained by the fact that
in case of the HSS application LFP batteries are substituted which do not contain Co and are
characterised by a lower specific Li content as well as lower production-related GHG emissions
compared to NMC batteries. On the other hand, the considered NMC battery shows a stronger
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ageing behaviour in the HSS than in the PCR application (compare Figure 5–16), which results in
a substitutable capacity for HSS of 0.21 kWh as compared to 0.39 kWh for PCR. This means that,
per kWh traction battery, for the HSS application 21 % of the Li content and GHG emissions for
a kWh of new LFP battery are saved through SL. For PCR, on the contrary, the savings amount
to 39 % of Li and Co content as well as GHG emissions of a kWh of NMC battery.
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Figure 5–17: Critical metal and greenhouse gas emission savings per kilowatt hour original
capacity of the traction battery resulting from the substitution of a new stationary
battery through Second-Life

The larger substitutable capacity for PCR can be explained by the longer operation time of the SL
battery in the PCR application due to a less pronounced ageing process. This shows that the used
SoH curves and the assumptions about the maximum operation time have a decisive influence on
the saving potential. Thus, the results can not be generalised, since the prehistory of the battery
in the vehicle can have an impact on its performance in the SL application [176] and there are
uncertainties regarding the battery ageing in actual operation.

It should also be noted that the GHG emission savings would decrease if the emissions occurring
during the processing of SL modules are considered. However, in comparison to the electricity
demand in battery manufacturing (see Subsection 5.2.3), the electricity demand for battery
testing during remanufacturing is low, amounting to about 3 kWh per kWh battery capacity for
the process described in Subsection 6.1.1. Another factor reducing the GHG emission saving
potential of SL batteries is the efficiency loss resulting from the ageing process, as discussed in
[165].

In this analysis only the battery production is considered. However, the environmental saving
potential is dependent on the EoL treatment of the substituted battery. If for example recycling is
considered, critical metal savings would decrease according to the recycling rate as this share

70



5.6 End-of-Life: Time Dependencies and Substitution Effects

of metals would have been recovered at the battery’s EoL. Thus, Co savings would decrease by
94 % and Li savings by 56 %, if a 100 % collection rate and the future recycling rates defined
in Subsection 5.6.3 are assumed. However, when including the recycling process in this type
of analysis, it needs to be considered that the recycling process develops over time. This is
relevant for SL batteries because the lifetime extension leads to a shift of the recycling process
to a later point of time. Besides the recycling process, also the cell types of the batteries being
substituted are dependent on time. Thus, when assessing SL applications and their interactions
with recycling a more dynamic approach is required.

Summary

To determine emission and critical resource savings of SL batteries, functionality losses resulting
from a capacity decrease over the battery’s lifetime need to be considered. Here, a method
was introduced and applied, which makes use of the concept of the substitutable capacity,
while incorporating functionality losses dependent on application and cell type based on ageing
modelling results. It is shown that Co, Li and GHG emission savings vary greatly depending
on whether the SL battery is used for PCR provision or as an HSS. This is mainly due to the
considered ageing behaviour of the NMC battery which differs for the two load profiles used.
Since these results are strongly case-dependent, this assessment should be expanded to other
batteries and applications, preferably using real data on battery ageing. Furthermore, the results
indicate that the cell type of the substituted stationary battery greatly influences the saving
potential, since the analysed cell types are characterised by different Co and Li contents as well
as climate impacts. This means that the SL application should be selected in such a way that the
load profile suits the ageing behaviour of the used EV battery and leads to a substitution of an
emission- and critical resource-intensive battery.

If not only the production, but also the recycling of the substituted battery are to be included in the
assessment, the time dependency of the recycling efficiency needs to be considered. Furthermore,
also the substituted cell technology, which has a strong impact on the saving potential, depends
on the development of the stationary battery market over time. Therefore, in Section 5.6 a model
is developed which incorporates these time dependencies and substitution effects when assessing
SL applications in combination with recycling.

5.6 End-of-Life: Time Dependencies and Substitution Effects

Apart from SL applications, also recycling constitutes a suitable CE approach for EV batteries
(see Section 4.2). In the previous analysis, the consideration of time dependencies and substitution
effects were identified as two challenges which need to be accounted for when assessing SL
applications and their interactions with stationary battery markets as well as recycling processes.
Therefore, in the following, based on an overview of existing dynamic modelling approaches
for EV batteries in Subsection 5.6.1, a dynamic material flow model covering recycling and SL
applications of batteries is developed. In Subsection 5.6.3 this model is then applied to a future
scenario for Germany so as to examine the effect of EoL approaches for EV batteries on critical
metal demand. The following description and illustrations are based on the method, model, input
data and results by Regett et al. [105, 177, 178].

71



5 Emission and Critical Resource Savings through the Circular Economy

5.6.1 Overview: Dynamic Approaches for Resource Assessment of Batteries

Richa et al. [179] use an input-driven MFA approach to quantify future battery waste flows from
EVs. This means that the annual waste stream is determined from the annual inflows of batteries,
being derived from projected EV sales, as well as battery lifetimes. While the composition and
material content of the battery waste flow is analysed, the effect of reuse and recycling is not
assessed. The resulting composition of the waste stream in 2030 is then used in [30] for an
environmental assessment of different EoL approaches. It is outlined that both recycling and
SL applications of EV batteries offer a potential to reduce the environmental impact, but that
this potential is dependent on boundary conditions such as the displaced technologies. However,
since in this subsequent assessment the environmental indicators were not directly linked to the
time-dependent battery flows, time dependencies are only considered to a limited extent.

To determine the impact of recycling of EV batteries on Li demand, Ziemann et al. [82] choose a
stock-driven MFA approach which implies that battery inflows and outflows are derived from
the development of the battery stock as well as battery lifetimes. It is shown that Li recycling
can make an important contribution to future material availability if the quality of secondary
Li is high enough to be reused in the production of EV batteries. With a focus on the recycling
of Li from traction batteries, SL applications and stationary battery markets are not covered
in this analysis. A similar approach is chosen by Weil et al. [72] who conduct a stock-driven
dynamic MFA to determine the global demand for key metals from EV batteries. By including
different recycling scenarios it is shown that recycling can significantly reduce the pressure on
metal reserves, but that for some metals, such as Co, the cumulative primary metal demand until
2050 is still higher than current reserves.

As outlined in [180], MFA can be coupled with approaches from system dynamics to include
feedback loops in the system. Novinsky et al. [181], for example, use a comprehensive system
dynamics model to determine the effect of EV batteries on Co markets as well as the feedback of
Co availability on the diffusion of technologies. Ziemann et al. [180], on the contrary, conduct a
qualitative assessment based on causal loop diagrams to point out the importance of time delays
in the assessment of battery reuse, while a quantification of these effects is not yet carried out.

Therefore, to quantify the impact of EoL approaches on critical metal demand, in the following, a
stock-driven dynamic material flow model is developed which does not only include recycling,
but also the reuse of EV batteries in stationary applications. To account for time-dependent
substitution effects resulting from SL applications, the model also encompasses selected stationary
battery markets. The demand and availability of Li and Co are directly linked to the calculated
time-dependent battery flows so as to determine the potential of SL and recycling to reduce
primary critical metal demand. Furthermore, a method for integrating LCA into the MFA model
is proposed which can serve as starting point for a future dynamic assessment of GHG emission
savings.
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5.6.2 Dynamic Material Flow Model for Recycling and Second-Life of Batteries

Model Overview

The material flows are quantified based on a dynamic stock and flow model, which describes
the stock of batteries in the system as well as the flows of batteries into the system (production)
and out of the system (EoL) in each year of simulation (2015 to 2050). Knowing the annual
battery stock, the annual production and EoL battery systems are determined using lifetime
distribution functions. The general structure of the developed model resembles the consumption
sector models developed in the course of the Dynamis project [10]. The model covers traction
batteries used in passenger cars and stationary batteries used as HSSs and for PCR in Germany.
The selection of stationary applications is based on [33], in which two applications were selected
based on a detailed analysis of battery storage applications as well as stakeholder workshops (see
Subsection 5.5.3).
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Figure 5–18: Overview of the dynamic material flow model to assess recycling and
Second-Life applications of electric vehicle batteries

As shown in Figure 5–18, the resulting battery flows are directly linked to the corresponding Li and
Co content to derive the demand for primary Li and Co, which results from the total metal demand
less the available secondary metals from recycling. As the Li and Co demand is determined
based on stoichiometry, a differentiation by cell type is made. When assessing the reuse of EV
batteries in stationary applications, the formerly separate automotive and stationary markets are
now connected via processed SL batteries which are deployed in stationary applications after
their EoL in the vehicle. This leads, on one side, to a decrease in production of new stationary
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batteries, and, on the other side, to a shift of the recycling process to a later point of time because
of an extension of the traction batteries’ lifetime. While the production and EoL of batteries is
included, the impact of the use phase, on the contrary, is not in the scope of this analysis.

Material Flow Modelling

The primary metal demand dpr,met of the previously described system can be quantified from the
total metal demand less the available secondary metals as described by

dpr,met = dtot,met − ssec,met. (5–18)

In this context, dtot,met and ssec,met are vectors containing the annual total demand for the metal
met (here: Li and Co) and the available mass of secondary metals from recycling per year,
respectively.

As outlined by Equation 5–19, the total metal demand for battery production dtot,met is determined
from the number of produced batteries, the share of cell technologies, the battery capacity and
the metal content:

dtot,met,t =
∑
bt

∑
ct

pbt ,t · qbt ,ct ,t · cbt ,t · mmet,ct ,t . (5–19)

More precisely, the vector qbt,ct comprises the share of the respective cell technology ct (e.g.
NMC, NCA, LFP) per battery type bt (in this case: traction and stationary batteries), cbt contains
the average capacity per battery type and mmet,ct the specific metal content per battery capacity
depending on the cell technology in each year t. For the quantification of the battery production
per battery type pbt not only the annual increase in battery stock needs to be included, but also
the replacement of batteries reaching their EoL in the respective year.

Therefore, the production of traction batteries ptb is quantified by

ptb,t = sttb,t − sttb,t−1 +
∑
a

eeol,tb,t ,a (5–20)

and the production of stationary batteries psb by

psb,t = stsb,t − stsb,t−1 +
∑
a

eeol,sb,t ,a +
∑
a

eeol,slb,t ,a −
∑
a

eeol,tb,t ,a . (5–21)

In this regard, the vectors sttb and stsb are the year-dependent stock of traction and stationary
batteries, respectively. To also account for the batteries reaching their EoL, the matrices Eeol,tb,
Eeol,sb and Eeol,slb are introduced. These are m × n matrices containing the number of EoL
batteries per battery type (traction, stationary and SL batteries) depending on the year of EoL t
(with t ∈ [1,m]) and the age at EoL a (with a ∈ [1,n]). The last term in Equation 5–21 indicates
the number of available SL batteries for stationary applications, leading to a reduction in the
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production of stationary batteries. If the substitution takes place on a capacity basis, an additional
conversion factor is required which translates the number of available SL batteries into the number
of substitutable stationary batteries. Furthermore, an SL feasibility factor is used to account for
the share of EoL traction batteries which can be reused in SL applications.

The elements of the battery EoL matrices Eeol,bt in the previous equations are derived from

eeol,bt,t ,a = peol,bt,t−a,t (5–22)

with Peol,bt being described by

peol,bt,y,t = pbt,y · fbt(t − y). (5–23)

These so-called production-EoL matrices Peol,bt contain the number of batteries per battery type
dependent on the year of production y and the year of EoL t. To create these matrices the lifetime
probability density function per battery type fbt is used to determine the number of battery’s
reaching their EoL in each year depending on the year of production.

However, to quantify the primary metal demand dpr,met, apart from dtot,met, also the available
secondary metal supply ssec,met is required (see Equation 5–18). Basis for this is the amount of
secondary metals contained in the batteries reaching their EoL, which is dependent on the share
of cell technologies, the battery capacity and the metal content of the EoL batteries. As these
parameters depend both on the year of EoL t and the age at EoL a, the vectors qbt,ct, cbt and
mmet,ct (see Equation 5–19) are transformed into matrices of the same type as the battery EoL
matrices Eeol,bt. In mathematical terms, the potentially available metals at the batteries’ EoL
hsec,met can then be quantified by

hsec,met,t =
∑
bt

∑
ct

∑
a

eeol,bt ,t ,a · qeol,bt ,ct ,t ,a · ceol,bt ,t ,a · meol,met,ct ,t ,a (5–24)

In this case, Qeol,bt,ct, Ceol,bt and Meol,met,ct are the created matrices containing the share of cell
technology per battery type, the average capacity per battery type and the content of metal per
cell technology at the batteries’ EoL dependent on the year and age of EoL.

Finally, this potential supply of secondary metals contained in EoL batteries is translated into an
actually available secondary metal supply ssec,met by

ssec,met,t = hsec,met,t · crt · rrmet,t, (5–25)

where the vector cr describes the EoL collection rate and r rmet the metal-dependent EoL
recycling rate dependent on the year of EoL t.
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Possible Extension by LCA

Originally, LCA methodology is a static method for assessing the environmental impact of
a product or service given certain circumstances (see Subsection 5.1.1). However, with the
described dynamic MFA model there is now data in annual resolution until 2050 available, which
can be used for a more dynamic assessment of the environmental impact of batteries. While
in [30] the dynamic MFA results from [179] are used as an input scenario for the following
eco-efficiency assessment, a more integrated approach is proposed in Regett [178]. In this context,
two possible links between dynamic MFA and LCA, as depicted in Figure 5–19, are suggested.
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Figure 5–19: Coupling of the dynamic Material Flow Analysis with Life Cycle Assessment

First of all, the quantified flows of batteries, which need to be produced and recycled in each year
t, can be used to define the final demand vector f , specifying the demand for the processes of
battery production and recycling contained in the technology matrix A. Second, the technology
matrix A contains the share of primary and secondary materials which can be dynamically
modified based on the MFA results. For this purpose, the available secondary materials in each
year are related to the total annual demand for the respective material. By multiplying the inverse
of A with f for each year a year-dependent scaling vector s is obtained. To determine the
energy-related GHG emissions associated with the provision of the final demand f , finally, s is
multiplied with the emission factor vector em f , containing the carbon intensity of each energy
carrier. As shown in Figure 5–19, there is a possibility for further dynamisation of the LCA by
incorporating a year-dependent em f . In this case, for example, the decreasing emission factor of
electricity from Figure 5–6 could be incorporated into the assessment of battery production and
recycling.

Due to data availability, in the following exemplary application in Subsection 5.6.3 only the impact
of recycling and SL on critical metal demand is analysed. However, the results of the simplified

76



5.6 End-of-Life: Time Dependencies and Substitution Effects

application example presented in [178] indicate that total GHG emissions for the production of
traction and stationary batteries can be reduced significantly by making use of recycled materials,
and to a smaller extent by additionally considering SL applications. Furthermore, it is pointed out
that SL applications can lead to trade-offs between GHG emission and critical metal savings.

5.6.3 Exemplary Application: Impact of Recycling and Second-Life on Critical Metals

Below, the described model is applied to determine the potential of recycling and SL to reduce
the demand for primary Co and Li. For this purpose, first, the procedure as well as the initial
scenario and input data are described. Then, the resulting critical metal savings for the initial
scenario are shown and finally analysed with regard to sensitive parameters.

Procedure

To determine the critical metal savings through recycling and reuse of EV batteries several model
runs are compared. In order to quantify the saving potential of recycling, first, a model run
without recycling and SL is conducted, which is then compared to a run in which recycling is
allowed. Second, a comparison between this “recycling only” run and a “recycling+SL” run of
the model takes place to evaluate the impact of SL applications. These comparisons are first
conducted for an initial scenario.

To identify critical parameters, which strongly impact the extent to which SL applications lead to
critical metal savings, in a next step, a systematic sensitivity analysis is carried out. Starting from
the critical metal savings through SL for the initial scenario, the development of one parameter is
changed at a time and again a comparison of a “recycling only” and a “recycling+SL” simulation
run takes place. The relative change in critical metal savings due to SL for this modified sensitivity
scenario is then compared to the relative change in the initial scenario, so as to determine the
influence of the changed parameter on the saving potential of SL applications.

Initial Scenario and Input Data

As the starting point of the assessment an initial scenario is defined, for which the input data is
described in the following. In the “recycling only” run the batteries at EoL are recovered with
the recycling rates described below. In case of the “recycling+SL” run the remanufacturing
(reman) concept is applied, meaning that SL batteries substitute stationary battery systems on
capacity basis, and the PCR application is prioritised over HSS due to a larger profitability (see
Subsection 6.1.2).

To reduce complexity and enable a better interpretation, initially, for some of the following
parameters constant or maximum values are applied. These are later varied in the sensitivity
analysis in order to systematically examine the effects of selected parameters on the saving
potential of SL applications. Thus, the described initial scenario does not claim to be a realistic
development, but rather represents the starting point for the following analysis.
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Battery stock and capacity: Apart from the stock and flow data on BEV and PHEV passenger
cars, also the average battery capacity of traction batteries are obtained from the “Dynamis
start” scenario [10]. The scenario is simulated with the FfE Transport Model (TraM), which
is described in more detail in [127]. While the stock of EVs increases from under 0.1 million
in 2015 to 2.8 million in 2030 and 8.8 million vehicles in 2050 (see Figure 3–6), the battery
capacity, averaged over all classes and vehicle types, increases from 34 kWh in 2015 to about
44 kWh from 2027 on.

The stock of stationary batteries for PCR is derived from the implementation projects of large-scale
battery storage systems from 2015 to 2018 listed in [182], which are linearly extrapolated until
the maximum market potential of 600 MW (rounded up from historical PCR tenders in [183,
p. 151]) is reached. The stock of stationary batteries for the HSS application is taken from [184,
pp. 43–45]. This means that the stock is determined based on the development of the installed
PV capacity in the “Dynamis start” scenario [10], which uses scenario B from [131, p. 23] as an
input, and the method to derive the number of HSSs depending on installed PV outlined in [185].
According to this procedure, the probability for the equipment with an HSS amounts to 0.6 % per
year for the PV stock and 41 % for a new PV system. Due to expiring feed-in tariffs, PV systems
built before the time horizon under consideration are also upgraded with an HSS after 20 years of
operation, using the same probability of 41 %. This results in an increase of HSSs from around
34 thousand in 2015 to 1.0 million in 2030 and 2.3 million in 2050.

The historical battery capacity and the P/E ratio for HSSs in 2015 to 2017 is derived from [186,
pp. 72, 86], assuming a ratio of usable to installed capacity of 0.9. For the HSS built in the
following years, a battery capacity of 7 kWh and a P/E ratio of 1 [135, p. 112] is applied. The
capacity and P/E ratio for PCR systems from 2015 to 2018 are deducted from the currently
installed batteries for PCR summarised in [182]. The average values for the installed battery
systems for PCR in 2018 (capacity of 9.7 MWh and a P/E ratio of 0.91) are used to describe PCR
batteries built in the following years.

Lifetime: For each battery type, a lifetime probability density function is determined using a
lognormal distribution which, according to [187], is suitable to describe the lifetime of batteries.
To determine the parameters of the lifetime function a mean age and a failure starting point is
required. The mean age of stationary batteries is set to 20 years (see Subsection 5.5.3). The
mean age for traction batteries is in this case assumed to equal the average lifetime of the
EVs modelled in TraM, amounting to 12.8 years. This is in line with the required minimum
lifetime of about 10 years stated in [32, p. 14, 70]. There are large uncertainties with regard to
the lifetime of SL batteries because the lifetime depends amongst others on the cell type and
application, as shown in Section 5.5. Here, a mean age of 8.5 years is considered based on the
simplified assumption of a linear ageing process across both first and second life, as well as an
EoL criterion of 70 % and an assumed EoSL criterion of 50 % (see Subsection 5.5.3). These
criteria describe the share of original nominal capacity being left at the battery’s EoL and EoSL,
respectively. As the EoL criterion corresponds to a large number of recently issued warranties of
car manufacturers, the failure starting points are also determined based on warranties of original
equipment manufacturers (OEMs), amounting to 10 years for stationary batteries [188, pp. 7–28]
and about 8 years for traction batteries. Analogous to traction batteries, for SL batteries also a
warranty of two thirds of the expected mean age, in this case 5 years, is adopted. To determine the
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lifetime function, a maximum failure before warranty expiry of 1 % of the batteries is tolerated,
which is assumed due to a lack of data, but has a negligible effect on the results described
below.

Cell technologies: To determine the share of cell technology per battery type in Table 5–5, for
each battery type the current sales figures are analysed with regard to sales numbers, installed
power, capacities and cell technologies. For traction batteries this data is obtained from [18,
p. 8], [189], [190], [191] and OEM data sheets. As described in [184, pp. 47–48], the data for
HSSs comes from [188, p. 3] and [192, pp. 7–28], while for PCR the storage systems from [182]
are used. These are complemented with technical data on installed capacity, power and cell
manufacturer from [193]. The share of cell technology is then determined by weighting the cell
technologies by the sold capacity for traction batteries and HSSs, and by the installed power for
PCR. As in Subsection 3.2.2, for NMC batteries the type NMC622 is chosen. For the initial
scenario it is assumed that the share of batteries stay constant until 2050.

Table 5–5: Share of cell technologies per battery type

Cell technology Share for traction
batteries Share for HSSs Share for PCR

NMC622 0.56 0.60 0.94

LFP 0.02 0.40 0.02

LMO 0 0 0.04

LMO-NMC333 0.18 0 0

NCA 0.24 0 0

Recycling efficiency and collection rates: To better point out the effects of recycling and SL
applications on Li and Co demand, a maximum scenario with a collection rate and SL feasibility
of used EV batteries of 100 % is defined. With regard to battery recycling, for Co the recycling
efficiency of the Umicore/LiBRi process of 94 % is used (see Subsection 3.2.2) and assumed for
the whole time horizon under consideration. The recycling of Li, on the contrary, is currently
only in exceptional cases carried out on an industrial scale [85, p. 67], therefore, the Li recycling
efficiency is first set to 0 %. Given rising Li prices, it is assumed that the Li recovery from
slag starts on a large scale once the return flows of EoL traction batteries are steeply increasing,
which in this scenario occurs around the year 2025. The Li recycling efficiency is then set to the
efficiency of the Umicore/LiBRi process of 56 % (see Subsection 3.2.2). These efficiencies are
valid for materials in battery-grade quality [57, p. 2].

Metal content: For each cell technology the specific metal content per battery capacity is
determined based on the mass balance and battery system specifications from [70] as well as the
stoichiometry of the cathode materials (see Section 5.2).

Results

The impact of recycling on primary Li and Co demand for the analysed battery systems in
Germany is depicted in Figure 5–20. As expected, a large reduction is achieved especially for
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Co. However, even in the recycling scenario the demand for primary metals increases due to an
increasing stock of traction and stationary batteries. Only for Co, the primary demand decreases
in the long-term once a large number of batteries reaches its EoL and enters the recycling process.
This leads to an increasing availability of secondary Co, which is recovered with a high recycling
rate, and therefore a reduction in demand for primary Co. This effect is less visible for Li because
of a lower recycling rate.

Overall, despite large recycling rates, the annual primary Co demand still totals more than
2 000 t a−1 in 2050 due to an increasing stock of batteries especially for EVs. This corresponds to
about 1.5 % of recent global Co production of 140 000 t a−1 [194]. It needs to be considered that
these results hold true for a relatively conservative EV scenario of 8.8 million BEVs and PHEVs
in 2050. The demand for Li and Co would rise significantly for an ambitious electrification
scenario such as the “fuEL scenario” with about 31 million EVs, as depicted in Figure 3–6.
Therefore, the question arises to what extent SL applications can lead to additional Li and Co
savings.
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Figure 5–20: Impact of recycling on annual primary lithium and cobalt demand for electric
vehicle batteries and stationary batteries in home storage and primary control
reserve applications in Germany

By comparing the “recycling only” with the “recycling+SL” simulation run the Li and Co savings
through SL applications can be determined. From the results in Figure 5–21 it can be seen that
for Li in each year of simulation a reduction in Li demand takes place in case batteries from EVs
are reused in stationary applications. For Co, on the contrary, an increase in Co demand (negative
savings) is observed in the time horizon under consideration.

For Li the savings increase until 2020 due to an increasing availability of SL batteries substituting
the production of new Li-containing stationary batteries. In 2025 a decrease in savings can be
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Figure 5–21: Annual lithium and cobalt savings through a Second-Life in home storage and
primary control reserve applications compared to a “recycling only” scenario

observed because the Li recycling rate rises from 0 % to 56 %. This has a negative effect on the
saving potential because the Li contained in the used SL batteries reaches the recycling system
at a later point of time, corresponding to a later availability of secondary Li. The peak in Li
savings in the early 2030s results from the large demand in SL batteries due to the upgrade of old
PV systems with HSSs. The increasing Li savings in the long-term can be explained by a still
increasing stock of HSSs as well as the fact that a large number of SL batteries gradually reaches
the recycling system, leading to an availability of secondary Li. In total, for Li the positive effect
resulting from the substitution of new stationary batteries always outweighs the negative effect of
a temporal shift of the recycling process through SL applications. Under the described boundary
conditions this leads in sum to positive savings in every year of investigation.

For Co, on the contrary, the demand for primary Co increases in case of SL applications, which
can mainly be traced back to three effects. First of all, due to the ageing in the vehicle the
available capacity of an SL battery is lower (EoL criterion: 70 % of original capacity) than
the original capacity of a new stationary battery. This results in the substitution of a smaller
stationary battery, while an oversized SL battery (factor 1.4) is bound in the stationary market.
This effect is independent of the metal and therefore also reduces the saving potential for Li.
Second, Co-rich traction batteries replace less Co-containing stationary batteries, since the share
of Co-free cell types (such as LFP) is larger for stationary than for traction batteries, due to
less stringent requirements with regard to energy density. Third, Co is characterised by a high
recycling rate so that the extension of the traction battery’s lifetime leads to a temporal shift
of large amounts of secondary Co available from recycling. In the long-term, the increase in
annual Co demand is reduced as Co-intensive SL batteries reach their EoL, leading to a larger
availability of secondary Co.
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Overall, in 2050 about 37 t of Li can be saved through SL, which corresponds to 1.4 % of the
annual Li demand in the “recycling only” scenario. Over the considered time horizon the primary
Li demand is reduced by approximately 800 t, which compares to 1.3 % of the total cumulative
primary Li demand of about 64 000 t. On the contrary, the increase in cumulative primary Co
demand due to SL amounts to around 1 700 t.

Sensitivity Analysis and Discussion

From the results of the initial scenario it can be seen that there are several mechanisms affecting
the critical metal saving potential through SL. As these mechanism are influenced by the selected
boundary conditions, in the following, a sensitivity analysis is conducted to identify critical
parameters on the saving potential of SL applications. Table 5–6 gives an overview of the defined
sensitivity scenarios. For each of these scenarios one or two parameters are changed compared to
the initial scenario. Then, for each of these scenarios again the “recycling only” calculation run
is compared to the “recycling+SL” run.

Reducing the SL feasibility to 50 % leads to a decrease in critical metal saving potential because
less SL batteries are deployed, leading to lower positive savings for Li, but also lower negative
savings for Co. In this case, the full coverage of the stationary battery markets by SL batteries,
for example, is only reached in 2023, as compared to 2021 for the initial scenario. However, once
the market is fully covered by SL batteries, the course of the saving potential is the same as for
the initial scenario in Figure 5–21. The smaller collection rate for EV batteries of 17 % does
not only reduce the number of available SL batteries (full market coverage in 2034), but also
reduces the availability of secondary materials in the “recycling only” case. Thus, the decrease in
collection rate leads, on the one hand, to a shift of savings through SL to a later point of time and,
on the other hand, to smaller relative savings for Li and to a smaller relative increase for Co than
for the initial scenario.

At this point it needs to be mentioned that the basis for the evaluation of SL applications change if
the varied parameter influences the “recycling only” run of the respective sensitivity scenario. In
this case, comparing the absolute savings of the sensitivity scenario with the absolute savings of
the initial scenario is not meaningful. Instead the relative savings of “recycling+SL” in relation
to the corresponding “recycling only” run need to be compared both for the sensitivity and the
initial scenario.

As outlined in Subsection 3.2.2, there is potential for improvement with regard to the recovery
of especially Li from EoL batteries. The sensitivity of the saving potential on the recycling
efficiency has already been briefly discussed for the initial scenario. In Figure 5–22 this effect is
clarified by showing the relative Li savings through SL for the initial scenario (Li recycling rate:
56 % from 2025 on) and the two sensitivity scenario “recycling efficiency min” and “recycling
efficiency max”. It can be seen that under the chosen boundary conditions the recycling rate
decides whether Li savings through SL become positive or negative. Also for Co, the saving
potential becomes positive if the minimum recycling efficiency is assumed. This shows that,
from a critical metal perspective, SL is a more useful approach for metals with low recycling
rates, since for these metals the temporal shift of the recycling process does not lead to binding
large amounts of valuable secondary materials in stationary applications. This effect is reinforced
by the oversizing of SL batteries due to the previous ageing in the vehicle. If an hypothetical EoL
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Table 5–6: Overview of the sensitivity scenarios for analysing the impact of Second-Life on
critical metal demand

Name Changed parameter Motivation

“SL feasibility” SL feasibility factor: 50 % Considering restrictions for the
technical feasibility of SL applications
as in [166]

“Collection rate” Collection rate: 17 % Assuming an equally low collection rate
for EVs as for conventional vehicles
due to vehicle export [78, p. 39]

“Recycling efficiency
min”

Recycling efficiency for Li
and Co: 0 %

Illustrating the impact of the recycling
efficiency by an extreme scenario

“Recycling efficiency
max”

Recycling efficiency for Li
und Co: 100 %

Illustrating the impact of the recycling
efficiency by an extreme scenario

“EoL criterion” EoL criterion: 100 % Showing the impact of the EoL
criterion by an extreme scenario

“Same technology” Share of cell technologies
for stationary batteries:
same shares as for traction
batteries

Eliminating the substitution effect
resulting from different shares of cell
technologies for traction and stationary
batteries

“Lifetime” Mean age SL batteries:
4.25 years (halved)

Demonstrating the effect of shorter
lifetimes of SL batteries because of
strong uncertainties with regard to
battery ageing

“Constant stock” Stock of HSS and PCR :
stagnating from 2020 on

Illustrating the effects of SL in a
saturated market

“Constant stock+half
lifetime”

Stock of HSS and PCR:
stagnating from 2020 on;
mean age of stationary and
SL batteries: halved

Illustrating the effects of SL in a
“closed” system, in which the saturated
stationary battery market is
continuously covered by SL batteries
(for this purpose, lifetimes are reduced)

“Reuse” SL concept: reuse Determining the impact of the SL
concept (processing on system instead
of module level)
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Figure 5–22: Impact of the recycling efficiency on relative lithium savings through
Second-Life

criterion of 100 % is assumed, Li savings are more than doubled compared to the initial scenario
and the increase in primary Co demand is more than halved.

Furthermore, as described for the initial scenario, the shares of cell technologies for traction and
stationary batteries have an impact on the substitution effect of SL batteries. If for stationary
batteries the same technology (same market shares of cell technologies) is assumed as for traction
batteries, relative Li savings through SL are increased in the long-term by a factor of about 1.2
and, more importantly, the relative increase in Co demand is about halved compared to the initial
scenario. Halving the lifetime of the SL batteries in the stationary application, on the contrary,
does not have a large impact on critical metal savings. However, it needs to be considered that
the dynamic MFA model does not include a detailed modelling of ageing processes. This means
that, in contrast to Subsection 5.5.3, the differences in functionality loss of new and SL batteries,
resulting from the battery ageing process, are not accounted for.

The course of savings through SL for the initial scenario described above is also strongly influenced
by the fact that battery markets are still growing in the time horizon under consideration. Therefore,
in Figure 5–23 it is illustrated how critical metal savings develop if a saturated market (no stock
increase from 2020 on) is assumed. Here, the scenario “constant stock+half lifetime” is depicted,
since lifetimes need to be reduced to actually reach a “closed” system until 2050 in which the
stationary battery market is continuously covered by SL batteries. It can be seen that, once this
type of system is established, in the long-term SL leads to positive savings for both Li and Co. In
a system, for which only the existing stock is renewed by the same type of battery, SL leads to an
increase in the time period between recycling processes and therefore a decrease in recycling
losses. As recycling losses are higher for Li than for Co, for Li larger savings are observed.
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Figure 5–23: Impact of a market saturation on relative critical metal savings through
Second-Life

Figure 5–24 shows that the choice of the reuse instead of the reman concept, leads to a strong
increase in primary metal demand. This is due to the substitution of small HSSs (7 kWh) by large
SL batteries (around 34 kWh to 44 kWh), leading to a reinforcement of the substitution effects
described above. Thus, large amounts of Li and Co from traction batteries are bound in stationary
applications and are available for recycling at a later point of time.

If, in addition, two recent trends, namely the increase in battery capacities of EVs and the increase
in energy densities, are considered, the following effects on absolute critical metal savings are
observed. While larger capacities of traction batteries lead to an increase in positive Li and
negative Co savings in the first years, similar absolute savings as in the initial scenario occur once
the stationary markets are fully covered by SL batteries. A decrease in energy density, on the
contrary, leads to a reduction in specific critical metal demand per kWh battery capacity, which
in return leads to a proportional decrease in critical metal demand and absolute critical metal
savings.

Summary

It is often taken for granted that the CE leads to resource savings. The present analysis shows that
the reuse of EV batteries in stationary applications can offer critical metal savings. However, it is
clearly outlined that this is not the case under all circumstances. Furthermore, it is shown that the
savings through SL are strongly dependent on the considered time horizon as they vary over time.
Thus, when pushing forward SL approaches for EV batteries, the potential negative effects over
the course of time need to be considered.

In the analysed scenario the reuse of EV batteries leads to savings of primary Li, but an increase
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Figure 5–24: Impact of the Second-Life concept on relative critical metal savings through
Second-Life

in primary Co demand. By using the developed dynamic modelling approach it is shown that the
time delay of the recycling process and the substitution effects on stationary markets have a strong
impact on the critical metal saving potential. As SL applications lead to a postponement of the
recycling process and therefore a delay of secondary metal availability, SL is more effective for
metals with low recycling rates. When substituting the production of new stationary batteries by
SL batteries both the oversizing as well as the share of cell technologies affect the saving potential.
Because of the ageing in the vehicle an SL battery is always oversized compared to a new battery
because only a certain share of the original capacity is available. This effect is further enhanced in
case the reuse concept is chosen for HSSs as largely oversized traction batteries substitute smaller
HSSs. This reinforces the effect resulting from the temporal shift of the recycling process, since
even larger amounts of secondary materials are bound in stationary applications. As traction and
stationary batteries have different requirements with regard to energy density, stationary markets
are dominated by less Co-intensive batteries. Thus, in case of a substitution of new stationary
batteries by SL batteries more Co is bound than being displaced.

The absolute saving potential depends both on the availability of SL batteries and on the battery
demand. It is shown that the availability of SL batteries is not only dependent on the available
EoL batteries from EVs, but that the collection rate and the technical feasibility also have a strong
impact on the actual saving potential through SL. In case SL is applied in a saturated market in
which battery demand is stagnating, also Co savings would eventually become positive due to a
decrease in recycling losses, resulting from the establishment of longer life cycles.
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5.7 Resulting Set of Instruments

Based on the selection of technically feasible CE approaches in Section 4.2, in Section 5.2 to
Section 5.6 for each life cycle phase of EV batteries challenges for an emission and resource
assessment of the respective CE approaches were identified based on recent literature. Then, for
each challenge a suitable instrument was developed, which was subsequently deployed in an
exemplary application. These instruments, which extent, refine and combine existing approaches,
are of different nature. They include methodological procedures, methods for integrating energy
system modelling results into emission accounting, the combination of environmental assessment
methods with ageing modelling results and a dynamic stock and flow model. Figure 5–25 gives
an overview over the developed instruments to assess CE approaches in the different life cycle
phases of an EV battery.

In the battery production phase, efficiency and renewable energy supply were identified as
relevant CE approaches for the reduction of GHG emissions. But to assess the potential of these
approaches for an emerging technology such as Li-ion batteries, the dealing with uncertainties
about future improvement potentials poses a major challenge. To address this challenge a
step-wise procedure was specified, according to which, first, the processes with the largest
contribution to GHG emissions are identified based on a contribution analysis. Subsequently,
for those of the identified processes which are characterised by large uncertainties or a large
variability a subsequent sensitivity analysis is conducted. In the course of the sensitivity analysis
the uncertain parameters are varied with upper and lower boundaries derived from the current
state of the art and technical limits, so as to quantify the possible potential for GHG emission
reduction. This procedure was then applied to battery production, resulting in a variation of
electricity demand for battery manufacturing and its carbon intensity. By means of this analysis
the potential of reducing the carbon footprint of battery production through energy efficiency and
renewable energy supply in the manufacturing process could be identified.

Also for the use phase, renewable energy supply was identified as an important CE approach for
GHG emission reduction. However, in contrast to the production phase, which takes place in
a specific year, in the use phase the temporal course of the carbon intensity of electricity over
the battery’s lifetime becomes relevant. Therefore, the incorporation of the development of an
increasingly complex energy system into emission assessment was identified as an important
challenge. This challenge was addressed by the development of an accounting method for
determining time-resolved emission factors of energy carriers in future multi-energy systems.
The developed method takes into account the increasing linkages between the different energy
carriers by setting up a linear equation system balancing incoming and outgoing emissions for
all of the modelled energy carriers. The application of the developed method to the “Dynamis
start” scenario, which is a result of the energy system model ISAaR, delivers amongst others
year-dependent emission factors of the electricity mix. These average emission factors were then
used to assess the climate impact over the lifetime of a BEV dependent on the year of purchase.
The comparison with ICEVs demonstrates that the incorporation of temporal developments of
the energy system further improves the advantage of BEVs. If sufficient input data and scenario
results are made available, the developed method can in principle not only be deployed to other
scenario of the ISAaR model, but also to future scenarios resulting from other energy system
models.
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Figure 5–25: Developed set of instruments for the emission and resource assessment of
circular economy approaches over the life cycle of electric vehicle batteries
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Apart from the future development of the electricity system, in the use phase, the interaction
of the battery with the energy system was identified as another major challenge. This is also
relevant when assessing GHG emission savings of sharing concepts, such as multi-use cases for
batteries, which lead to a change of the load profile. To assess the effect of a change in load, an
average emission factor of the annual electricity mix is not sufficient, but time-resolved, marginal
emission factors are required. Based on a comparison of different emission accounting methods
for electricity, which make use of existing energy system modelling results in hourly resolution,
indicators for a simplified assessment of short-term marginal effects through load shifting are
proposed. The resulting time series of average and marginal emission factors were then applied
to the sharing concept of load management with V2G for peak load reduction. However, these
indicators can not only be used for load management strategies, but also for the assessment
of electrification and efficiency measures. To account for long-term effects, on the contrary, a
more comprehensive approach including new optimisation runs of the energy system model is
required.

Functionality losses and shorter operation times due to ageing processes during the first life in the
vehicle need to be considered when assessing CE approaches aiming at the lifetime extension at
the traction battery’s EoL. To address this challenge a method is suggested which integrates ageing
modelling results into the LCA of SL batteries. In this context, SoH curves resulting from ageing
models are used to determine the provided energy system service over the battery’s lifetime by
linking the loss of battery capacity to a decrease in provided function. Then, the provided energy
system services of a new and an SL battery are compared, so as to determine the equivalent
battery capacity being substituted by a used SL battery. Due to the special characteristics of the
battery ageing process the concrete methodological procedure is battery-specific, however, the
general principle is transferable to other technologies with different ageing mechanisms.

Finally, to include time dependencies and substitution effects on stationary battery markets
into the assessment of CE approaches in the battery’s EoL phase, a dynamic material flow
model was developed. This model was then applied, so as to determine critical metal savings
through SL applications and recycling as well as the sensitivity of savings to different parameters.
Furthermore, an approach to extend the dynamic material flow model by LCA is proposed. The
proposed coupling of dynamic MFA with LCA includes three elements, namely the definition of
the final demand based on the resulting battery flows in each year, the adaptation of the share
of secondary materials depending on the resulting material flows per year as well as the use
of year-dependent emission factors for energy carriers. The application of this methodological
extension, however, is subject of further research.
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To understand the opportunities and challenges for a practical implementation of CE approaches
for EV batteries, first, the economic feasibility is analysed in Section 6.1, using the example of
SL applications. Then, in Section 6.2, in addition to economic aspects, also other barriers and
drivers for the implementation of circular business models for EV batteries are identified and
translated into critical success factors.

6.1 Economic Feasibility of Second-Life Applications

The results in Chapter 5 show that the GHG emission and critical metal savings through SL
applications strongly depend on battery ageing, substitution effects and time delays. Since these
aspects can also be of importance for the economic feasibility, the following assessment focuses
on SL applications. Furthermore, the remanufacturing and reuse of traction batteries in stationary
applications is of particular interest because it links the transport sector and the energy industry.

With regard to the economic feasibility of SL applications, on the one hand, the cost savings
resulting from the avoided production of new battery systems are relevant and, on the other hand,
the profitability for the implementing stakeholders. Therefore, in Subsection 6.1.1, first, the cost
savings from a system perspective are quantified for the two selected SL applications. Then,
in Subsection 6.1.2 the profitability of these SL applications from a stakeholder perspective is
determined using the net present value method.

6.1.1 System Perspective: Cost Savings through Second-Life Applications

To determine cost savings through SL applications the dynamic material flow model described
in Subsection 5.6.2 is extended by costs. Analogous to the procedure in Subsection 5.6.3, the
cost savings are determined by comparing a “recycling only” with a “recycling+SL” model run.
Starting with the initial scenario described in Subsection 5.6.3, the sensitivities of these costs
savings are identified by means of several sensitivity scenarios, for which again the “recycling
only” and “recycling+SL” run are compared. The following description and illustrations of the
modelling approach, input data and results are based on the analysis by Regett and Bangoj [177].

Cost Modelling

While for the quantification of critical metal savings the flows of battery production and
recycling are linked to the specific stoichiometric Li and Co content per battery capacity (compare
Subsection 5.6.2), an extension of the model is required to determine the impact of SL applications
on costs for stationary batteries. Therefore, the previously described dynamic material flow
model is modified and extended in the sense that the main components of stationary batteries are
modelled separately. Next to battery modules, a modelling of the periphery and power electronics
is required. This is due to the facts that, on the one hand, different SL concepts (reuse or reman)
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Table 6–1: Need for battery components depending on stationary application and Second-Life
concept

Component HSS
“new”

HSS
“reuse”

HSS
“reman”

PCR
“new”

PCR
“reuse”

PCR
“reman”

Modules X X

Processing X X X X

Power electronics X X X X X X

Periphery X X X X X

require different components, and, on the other hand, different components are characterised by
different lifetimes. The different lifetimes of these components need to be accounted for, since
the lifetime does not only determine the time of substitution, but also the battery component’s
annuity. This annuity is used to evenly distribute the investment over the component’s lifetime.
By applying this modelling approach, in each year the simulated production of stationary battery
components can be linked to the respective annualised investments, and the simulated capacity of
processed SL batteries can be linked to the corresponding processing costs.

As described in [138, pp. 30–31], the annuity A of an investment I can be quantified by

A = I · an f (6–1)

where the annuity factor an f is defined by

an f =
(1 + i)n · i
(1 + i)n − 1

(6–2)

with i being the discount rate and n being the lifetime.

When modelling costs, furthermore, a differentiation needs to be made between applications and
SL concepts, since they require different components as illustrated in Table 6–1. While “reuse”
means that the traction battery is used as a whole in the stationary application, “reman” refers to
the case that the traction battery is first broken down into modules before being remanufactured
into a stationary battery. This also has an impact on the amount of stationary batteries being
substituted by SL batteries as the substitution takes place on the basis of numbers of batteries in
case of reuse, and on capacity basis in case of reman.

For new battery systems module costs are considered which take into account cell costs and the
costs for their installation in the modules. In case of an SL system, instead of module costs, the
costs for processing of the used traction battery for stationary use are included. The amount
of processing costs depends on the SL concept considered. While the power electronics costs
include the costs for the inverter, the periphery costs comprise other components such as thermal
management, housing and grid connection [195, p. 39]. All of these costs only reflect the costs
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occurring due to the production of the components, and therefore include neither margins of the
manufacturer nor costs for battery assembly and operation.

Input Data

For this analysis the same initial scenario and input data as for the resource assessment is
used, which are described in detail in Subsection 5.6.3. The additionally required cost data by
component is summarised below.

Module costs: The module costs of new Li-ion batteries are based on the mean cost development
for pouch/prismatic cells in the roadmap by Thielmann et al. [32, p. 15]. To transfer these costs to
the module level 10 % of the battery cell costs are added. This value is an approximation derived
from the total costs on the cell and module level in [196, p. 30].

Processing costs: The costs associated with the preparation of traction batteries for stationary
use are determined by Bangoj [184, pp. 37–41] for a processing plant at a German location,
using the tool from [197], supplemented with data from [10, 70, 198, 199]. The processing
includes transport, storage and repurposing of the traction batteries for stationary use. In the
initial scenario, a maximum utilisation of the processing plants is assumed and kept constant over
the considered time horizon. As described above, a distinction is made between processing at the
system level (reuse) and the module level (reman).

While the costs for the transport and storage of the traction battery are independent of the
processing concept and amount to 4.8e kWh−1, the repurposing costs depend on the level of
processing. The calculated repurposing costs for the reuse concept are 6.5e kWh−1 and therefore
lower than for the reman concept, for which they add up to 17.3e kWh−1. The differences in
costs are due to the greater amount of work involved in disassembling the traction battery down
to the module level. Furthermore, the costs for additional elements need to be considered which
are charged at 5.7e kWh−1 for the reuse and at 32.3e kWh−1 for the reman concept. Overall the
processing costs sum up to 17.1e kWh−1 for the reuse and 54.4e kWh−1 for the reman concept,
respectively. The resulting values are in line with the range stated by Neubauer et al. [200,
p. 46].

Power electronics costs: The cost development for power electronics until 2030 is taken from
the input parameters in [201] using the 2016 exchange rate from dollars to euros of 0.9. While for
the year 2015 the 2016 value from [201] is assumed, for the years until 2050 a linear extrapolation
is conducted. A distinction is made between inverters for small and large storage systems, so that
different costs are assumed for HSS and PCR storage systems, respectively. Because the costs for
power electronics refer to the battery’s installed power, the battery flows on capacity basis are
converted using the P/E ratio from Subsection 5.6.3.

Periphery costs: As the cost development for the periphery, which consists of several compo-
nents, is difficult to foresee, the development is linked to the cell costs by means of the ratio from
[202]. As a result, for HSS the periphery costs amount to about 48 % of the cell costs and for
large storage systems, in this case PCR, to around 111 %.

The described cost assumptions finally lead to the cost development summarised in Table 6–2.
For the years between, a linear interpolation is performed. As the discount rate from a system
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Table 6–2: Cost development per battery component

Components 2015 2020 2025 2030 2035 2040 2045 2050

Modules in
e kWh−1 336 212 151 94 94 94 94 94

Processing
“reuse” in
e kWh−1

17 17 17 17 17 17 17 17

Processing
“reman” in
e kWh−1

54 54 54 54 54 54 54 54

Power electronics
HSS in e kW−1 140 112 80 57 41 29 21 15

Power electronics
PCR in e kW−1 95 81 62 48 37 28 22 17

Periphery HSS in
e kWh−1 146 92 66 41 41 41 41 41

Periphery PCR in
e kWh−1 340 215 153 95 95 95 95 95

perspective the social discount rate of 3.5 % for developed countries discussed in [203, pp. 16–17]
is chosen.

Results

The costs savings through SL are determined by several developments. One decisive factor is
the difference in costs between the production of new battery modules and the processing of SL
battery modules. In the initial scenario these differential costs are decreasing because prices for
new modules are falling, while processing costs are assumed to stay constant. The decreasing
module prices and the smaller lifetime of SL batteries lead to a tipping point in 2029, in which the
annuity of a new HSS is smaller than the annuity of an SL battery. Furthermore, the cost savings
are determined by the availability of SL batteries, which in this case can cover the total demand
for the two analysed stationary applications from 2021 on. And finally, the saving potential is
strongly influenced by the demand for stationary batteries. This demand is not only dependent on
the development of the stock, but also on the lifetime of the deployed stationary and SL batteries,
since they need to be replaced after reaching their EoL.

For the described scenario, these developments lead to the annual cost savings for stationary
batteries depicted in Figure 6–1. With the increasing use of SL batteries in stationary applications,
first, growing savings of investments in stationary batteries can be observed. However, in 2029 the
annuity of new HSS is smaller than the annuity of SL batteries, leading to a decrease in cost savings.
These savings eventually become negative as the SL batteries deployed prior to 2029 gradually
reach their EoL. As for critical metal savings, the exact course of the costs savings depends on
the demand for HSS and the resulting demand for SL batteries (see Subsection 5.6.3).
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Figure 6–1: Cost savings through a Second-Life in home storage and primary control reserve
applications

Sensitivity Analysis and Discussion

For identifying the sensitivity of the cost savings through SL the same sensitivity scenarios
as for critical metals are applied, which are described in detail in Subsection 5.6.3 and are
summarised in Table 5–6. In addition, a “Reuse (PCR)” scenario is analysed, in which only the
PCR application is considered, to explore whether the favourable SL concept depends on the
stationary application. Furthermore, a “processing costs” scenario is introduced, in which the
utilisation of processing plants for SL batteries is assumed to be only 10 % in 2015 and then
increases to 40 % in 2020, 70 % in 2025 and 100 % in 2030. This sensitivity outlines the impact
of the availability of SL batteries, since the availability affects the utilisation of processing plants
and therefore processing costs. As the costs savings also depend on the development of new
battery prices, also a sensitivity with regard to “module prices” is conducted. In this scenario it
is assumed that the prices for battery modules fall even faster so that the prices in 2025 and 2030
from Table 6–2 are reached five years earlier.

The results in Figure 6–2 show that the choice of SL concept strongly influences the cost saving
potential. In case the reuse concept is applied for both applications, (HSS and PCR), cost savings
turn negative in 2024. If, however, only the PCR application is considered in the assessment, cost
savings stay positive over the whole time horizon. This is due to the fact that for PCR the reuse
concept leads to lower annuities for SL batteries because of lower processing costs compared
to the reman concept. Furthermore, in contrast to HSS, for large PCR storage systems several
SL batteries are required, which means that for PCR the choice of SL concept does not lead
to the oversizing issue described Subsection 5.6.3. Thus, if in both applications SL batteries
are being reused instead of remanufactured, cost savings turn negative as soon as the positive
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Figure 6–2: Impact of the Second-Life concept and the lifetime in the stationary application
on relative cost savings through Second-Life

cost savings of the prioritised PCR application are balanced out by the negative savings for the
HSS application. Furthermore, the lifetime of SL batteries has an impact on the cost savings. In
case the lifetime is halved, for example due to strong ageing processes in the SL application, the
annuity for SL batteries increases. This leads to a tipping point compared to the annuity of a new
HSS as early as 2022, and therefore negative savings already from 2027 on.

Apart from the SL concept and the lifetime, also the development of processing costs and prices
for new battery modules affect the cost savings (see Figure 6–3). If instead of a 100 % utilisation,
an increasing utilisation of the SL processing plant over time is assumed, first negative cost
savings occur as the annuity of SL batteries is larger than the annuity of new HSS. With an
increasing utilisation the cost savings eventually turn positive. Once a 100 % utilisation is reached
in 2030 a similar course of savings as for the initial scenario can be observed. A stronger decline
in module prices, on the contrary, leads to considerably lower cost savings compared to the
initial scenario as the break-even between the annuities of remanufactured SL modules and new
modules is already reached in 2024.

Finally, it needs to be considered that these results only include investment costs for stationary
batteries. However, assuming decreasing recycling costs, the temporal shift of the recycling
process would lead to a reduction in costs for battery recycling. In addition, the postponement of
the recycling process has an impact on the availability of secondary metals (see Subsection 5.6.3),
which in return effects metal procurement costs.

Summary

It is shown that in the short- to medium-term SL applications, such as HSS and PCR, can
potentially lead to a reduction in investment costs for stationary batteries. But the development
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Figure 6–3: Impact of the development of processing costs and prices for new battery modules
on cost savings through Second-Life

of new battery prices, the utilisation of SL processing plants and the chosen SL concept strongly
influence the cost savings as well as the tipping point, at which SL batteries are no longer
cost-efficient compared to new stationary batteries. The results point out that the relative
development of new module prices and SL processing costs is crucial for the economic viability
of SL batteries from a system perspective. Furthermore, it is demonstrated that the preferable
SL concept depends on the application. Under the described boundary conditions, for PCR
the reuse concept is economically more attractive. For the HSS application, on the contrary,
remanufacturing is the preferable option, not only from a critical metal perspective, but also from
a cost point of view. In the future, this analysis should be extended by evaluating the effect of the
temporal shift of the recycling process on metal procurement and recycling costs.

6.1.2 Stakeholder Perspective: Profitability of Second-Life Batteries

While the focus of Subsection 6.1.1 was on the cost savings through SL batteries from a system
perspective, here, the profitability from the perspective of the implementing stakeholders is
assessed. For this purpose, a dynamic investment calculation for the deployment of an SL battery
instead of a new battery system is conducted, both for an HSS and a PCR application.

Methodological Approach

In an investment calculation the various cash flows occurring during the lifetime of an investment
need to be taken into account. In the following, analogously to [33, pp. 93–104], the net present
value (NPV) method is used to determine the profitability of an investment into an SL battery
compared to an investment into a new battery system. By translating future expenditures and
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revenues into net present values, the time of payments and the associated interest are taken into
account.

As outlined in [138, pp. 23–24], the investment’s net present value NPV at the reference year
(t = 0) can be determined by

NPV(0) =
n∑
t=0

(−I(t) − E(t) + R(t))
(1 + i)t

, (6–3)

with I, E and R describing the investments, expenditures and revenues in each year t until the
end of the calculatory lifetime n is reached. All of these cash flows are discounted using the
discount rate i. As outlined in [138, p. 24], the NPV constitutes a criterion for the profitability of
an investment in the sense than an absolute profitability exists in case of a positive NPV. When
comparing two competing investments, a relative profitability is given for the investment with the
larger NPV.

In this case, the NPV of the investment in an SL battery is compared to the NPV of a new
battery system. This is done separately for HSS and for PCR, since ageing profiles, costs and
revenues strongly depend on the storage application. In the case of battery systems, the investment
consists of the capital expenditures (CAPEX) for modules, periphery and power electronics (see
Subsection 6.1.1). On the expenditure side, fixed operational expenditures (OPEX) as well as
variable OPEX for electricity losses due to the charging and discharging processes during PCR
provision are considered. On the revenue side, for the provision of PCR, the renumeration for
the provided power is accounted for. The revenues for the HSS application, on the contrary,
correspond to the electricity cost savings resulting from on-site consumption of PV electricity.
These savings are quantified from the decrease in costs for electricity from the grid less the
missed feed-in tariff, which results from the decreased supply of PV electricity to the grid.

As for new battery systems, also for SL batteries the investments in power electronics Ipow and
periphery Iper are taken into account. However, instead of the investment for new battery modules,
the salvage value of used EV batteries SVslb and the processing costs Cproc are considered, when
determining the investment of an SL battery system Islb in the respective year t as outlined by

Islb(t) = Ipow(t) + Iper(t) + SVslb(t) + Cproc(t). (6–4)

The salvage value, which corresponds to the costs to purchase used EV batteries, reflects the fact
that the used batteries have already aged during their first life in the vehicle. In Subsection 6.1.1 it
is shown that the additional processing costs depend on whether the modules are remanufactured
(for HSS) or reused (for PCR). While for the initial investment all four cost components in
Equation 6–4 are considered, for the replacement investments only the salvage value and the
processing costs are accounted for. A replacement investment is needed if the SL modules reach
their final EoL during the calculatory lifetime. As defined in Section 5.5, the final EoL is either
determined by the EoSL criterion or the maximum age.
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Input Data

For the following analysis the results of the study by Fischhaber, Regett et al. [33, pp. 93–101] are
updated with recent data from [177, 184, 204, 205] to ensure a consistency of input parameters
with the previous analyses. This holds true for the EoL and EoSL criteria as well as battery
parameters, load profiles, resulting ageing profiles and maximum operation times of stationary
and SL batteries described in Subsection 5.5.3. For modules, periphery and power electronics
as well as the processing of SL modules the same cost values as in Subsection 6.1.1 are used.
The considered time horizon (calculatory lifetime) is set to 20 years in accordance with the
lifetime of new stationary batteries defined in Subsection 5.5.3. For the profitability assessment
from a stakeholder perspective additional economic input parameters are required, which are
summarised in Table 6–3.

Table 6–3: Additional economic input parameters for the profitability assessment

Parameter Value Sources

Remuneration for PCR provision in
e kW−1 a−1 110

Average PCR price in 2018 [206],
availability of storage system [207,

p. 31]

Price for electricity losses during
PCR provision in eMWh−1 45 Average intraday price in 2018 [208]

Feed-in tariff e kWh−1 0.12 Renewable Energy Sources Act (EEG)

Household electricity price in
2020/2040 in e kWh−1 0.31/0.29

Costs for procurement and sales from
“Dynamis start” scenario [10], EEG
levy [209], other price components

[210, p. 8]

Discount rate of households (for
HSS) in % 4 [11, part B, p. 51]

Discount rate of industry (for PCR)
in % 8 [11, part B, p. 51]

Fixed OPEX as share of investment
of new battery in % a−1 1.5 [211, p. 32]

Value added tax for HSS in % 19 Value Added Tax Act (UStG)

In addition, as outlined in Equation 6–4, the salvage value of the SL battery needs to be included.
In this context, it should be considered that the salvage value is dependent on the price development
for new battery modules. To take this interrelation into account, first, the ratio between the
salvage value of an SL battery and the price of a new battery from [200, p. 40] is determined,
resulting in a range of 16 % to 52 %. Due to large uncertainties, in the following, the upper value
of 52 % is used as a conservative default value. This value is then multiplied with the price for
battery modules in the respective year from Table 6–2, so as to determine the time-dependent
salvage value of SL modules linked to the price development of new modules.
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Results and Discussion

In Figure 6–4, Figure 6–5 and Figure 6–6 the results of the profitability assessment are depicted
for the two selected SL applications. From Figure 6–4 it can be seen that for PCR the NPV
of the SL battery is larger than for the new battery system, implying a larger profitability in
case SL batteries are deployed. This is due to the lower initial investment as well as slightly
larger revenues from PCR provision (see Figure 6–5). The larger revenues for the SL system
can be explained by the fact that the new battery is subject to a non-linear ageing process in the
beginning of its use phase, as described in Subsection 5.5.3. The decrease in cash flow in 2029 is
due to a replacement of the SL battery modules after 10 years in operation (see Subsection 5.5.3).
Compared to the initial investment, this replacement investment is relatively low. This can be
explained by the facts that only the modules are replaced, that module prices and therefore also
the salvage value of SL modules fall sharply (see Table 6–1) and that future cash flows are
discounted. Overall, for the described boundary conditions, at the end of the calculatory lifetime
an increase in NPV of 28 % can be observed, making the PCR application more profitable when
using SL batteries.
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Figure 6–4: Net present value of the investments into a new and a Second-Life battery in 2019
over the calculatory lifetime of 20 years

For the HSS application, on the contrary, a different picture emerges. Despite larger processing
costs for remanufacturing, the initial investment of the SL battery is still lower than for a new
battery (see Figure 6–6). But due to the strong ageing process of used NMC in the HSS application,
as described in Subsection 5.5.3, the revenues from self-consumption are lower in case an SL
battery is used. Furthermore, making use of the ageing curves from Subsection 5.5.3, the final
EoSL criterion is already reached after six years of operation, leading to three investments for the
replacement of SL battery modules in the considered time horizon, as depicted in Figure 6–6. This
leads to a further reduction of the already negative NPV of about 1 000e by around factor 3.3.
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Figure 6–5: Cash flows for the investments into a new and a Second-Life battery for primary
control reserve
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Figure 6–6: Cash flows for the investments into a new and a Second-Life battery for the
application as a home storage system
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The results show that under the considered boundary conditions an absolute profitability is only
given for PCR, while the HSS application does not lead to a positive NPV. However, an increase
in electricity prices for households and a decrease in feed-in tariff for PV electricity would lead
to a larger profitability of the HSS application in the future. For the PCR application, on the
contrary, recent developments show a decrease in PCR prices [206], due to an increasing number
of market participants, which would lead to a reduction in NPV. Further, it needs to be considered
that the market for PCR in Germany is limited to about 600 MW (see Subsection 5.6.3).

The analysis of the NPV also points out that the relative profitability of an SL battery compared
to a new battery system mainly depends on the savings in initial investment and the need
for replacement investments during the considered time horizon. The reduction of the initial
investment is dependent on the share of battery modules in total battery system costs, since
only this share is addressed by SL batteries while the other components are required in both
cases. Further, the price for SL batteries, consisting of the salvage value and the processing costs,
plays a decisive role and is still subject to large uncertainties. Therefore, a sensitiviy analysis is
conducted by using a salvage value of 16 % of new module price, corresponding to the lower
boundary derived from [200], instead of 52 %. The SL battery then leads to an increase in
NPV for the PCR application by 55 %, as compared to 28 % in the previous case. Also for HSS
the profitability of the SL battery is considerably improved when assuming the lower salvage
value, with the NPV now lying in the same order of magnitude as the NPV of the new battery.
Furthermore, the results for HSS show that there is a strong dependency of the profitability of SL
batteries on the operation time in the stationary application which is dependent on the chosen
EoL criteria, the underlying ageing curves and the assumed maximum operation times.

Summary

The economic assessment from a stakeholder perspective shows that the absolute profitability
of SL batteries in stationary battery applications is strongly dependent on the revenues from
the respective storage application. While under the chosen boundary conditions PCR provision
constitutes a positive business case, the use of an HSS is not profitable. In the future, due to
rising electricity prices and decreasing feed-in tariffs the prospects for the HSS application are
increasingly positive, while for PCR a decrease in revenues is observed.

However, for the assessment of SL batteries especially the relative profitability compared to a new
battery system is relevant. It is shown that the profitability of SL batteries mainly depends on
whether the advantage of the lower initial investment is outweighed by replacement investments
needed due to the shorter operation time. Hence, the ratio of the price for SL modules and the
price for new modules is decisive for the business case. Here, it needs to be considered that these
values are time-dependent and that SL module prices are determined both by processing costs as
well as the salvage value of used modules, which in turn is linked to the development of new
module prices. Early-state procurement deals for SL batteries constitute one option to meet these
uncertainties about future price developments.

But also the ageing behaviour, which is dependent on the application and the battery type, is
key to a profitable business case as it determines the need for replacement investments. In this
context, uncertainties can be met by obtaining information on the battery state after its first life.
Furthermore, the monitoring of the battery state and the optimisation of the operation strategy
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in the specific application are an option to increase the operation lifetime of SL batteries and
therefore their profitability. In this context, strategies such as ageing-dependent load adaptation
[168, p. 114] and deploying hybrid systems consisting of both new and SL battery modules [212]
can be viable options.

6.2 Critical Success Factors for Implementing Circular Business Models

The results above show that the CE can offer ecological and economic saving potentials for EV
batteries. As outlined in [26], there are already some implementation examples in place, but
the full potential has not yet been exploited. This raises the question, which barriers currently
hinder the practical implementation of circular business models for EV batteries, and which
drivers and technologies (so-called digital enablers) can pave the way for stakeholders along
the value chain. From these insights critical success factors from a stakeholder perspective can
be identified, which are essential for the practical implementation of a CE for electric mobility.
The following description and illustrations originate from Regett, Buschle and Stuchtey [213],
building on the work by Buschle [204] who provides a detailed description of the methodological
procedure, input data and results.

Methodological Procedure

To assess the practical implementation potential of circular business models for EV batteries, a
three-part methodology was applied which is summarised in Figure 6–7.

1. Literature research

Stakeholders

2. Explorative expert interviews

3. Stakeholder survey

Circular economy 

approaches

Barriers, drivers, 

enablers

Clusters of circular 

business models
Stakeholder map Barriers and drivers

Critical success factors

Evaluated barriers, drivers and enablers

Figure 6–7: Overview of the methodological procedure for identifying critical success factors
for circular business models for electric vehicle batteries
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Based on a literature research, first, stakeholders and CE approaches along the value chain of
EV batteries, as well as general and battery-specific drivers, barriers and enablers of the CE
are identified. For this purpose, starting from the identification of CE approaches in Chapter 4,
supplementary publications such as [27, 29, 89, 200, 214–218] are considered.

The results of the literature research are then validated and supplemented using four explorative
expert interviews. Based on these interviews a stakeholder map is created, the CE approaches are
classified into clusters of circular business models and more drivers and barriers are added. The
expert interviews with two representatives from the automotive industry (B. Gohla-Neudecker,
BMW and an expert for second-use from Daimler), a specialist from the recycling industry
(Dr. C. Hagelüken, Umicore), and an university professor (Prof. Dr. A. Reller, University of
Augsburg) were conducted by Buschle [204].

The generated results are then used in a written stakeholder survey to validate the previous
findings and to assess the significance of the identified drivers, barriers and enablers. To this
end, in the context of [204], a questionnaire was developed consisting of the following parts:
evaluation of the relevance of general drivers and barriers of the CE for EV batteries, assessment
of battery-specific drivers and barriers, evaluation of concrete drivers and barriers per circular
business model, analysis of the regulatory framework and digital enablers as well as a final
classification of the practical implementation potential. The questionnaire was answered by a
total of 26 experts, covering a large share of the value chain of EV batteries in Germany. In
addition to experts from the scientific community, these include experts from the automotive and
recycling industries, SL battery suppliers, manufacturers of battery packs and components, battery
analysts, representatives from reverse logistics and grid operators. The number of participants
is considered to be sufficiently large, since this survey aims at providing information based on
expert knowledge in a small field rather than generating representative results.

To evaluate the survey results on drivers and barriers of circular business models for EV batteries,
the answers are translated into point values (strong barrier: -1; barrier: -0.5; neutral: 0; driver: 0.5;
strong driver: 1) and then weighted according to the proportion of answers. This results in a
so-called “impact score” for each barrier or driver queried. Finally, the critical success factors
for a circular value chain are derived from the highest rated barriers, while considering the
information obtained from the explorative expert interviews and literature research. By means of
the identified critical success factors the need for action is pointed out and assigned to the actors
along the battery value chain.

Results and Discussion

The stakeholder mapping process across the value chain of EV batteries shows that circular
business models increase the number of actors involved, especially in the use and EoL phases of
the EV battery. In addition, the use of EV batteries for energy system services, for example in
the context of V2G and SL concepts, is increasingly linking the mobility sector and the energy
industry. In view of a new competitive situation this poses a challenge, but also offers new
business opportunities for two sectors that are currently undergoing a transformation process.

For the further evaluation of circular business models in the questionnaire, the multitude of
CE approaches (see Chapter 4) were aggregated into three clusters of battery-specific circular

104



6.2 Critical Success Factors for Implementing Circular Business Models

business models, based on the findings from the explorative expert interviews. In the sense of
battery as a service (BaaS), leasing, sharing or swapping concepts allow access to the EV battery,
while the manufacturer remains in possession of the battery and the materials contained. The
main source of income is in this case the payment for the use of the battery. For the second
cluster of Second-Life applications, used batteries from EVs are processed and used in a second
use phase for the provision of energy system services. Recycling, on the contrary, includes the
dismantling and treatment of spent batteries as well as the recovery of the contained resources.
Similar to BaaS concepts, recycling can be offered as a service to battery producers, whereby the
producer remains the owner of the materials and the recycling company earns revenue from the
service offered.

The results from the stakeholder survey show that some of the overarching drivers and barriers of
the CE derived from literature are also considered important for circular business models for EV
batteries. The most important drivers include:

• the increased availability of data across the entire supply chain as a result of increasing
digitalisation;

• new business opportunities due to growing awareness about sustainability;

• the increasing importance of the use of secondary raw materials when carrying out
sustainability assessments (e.g. LCA) in companies.

Furthermore, the following major barriers to the CE were also classified as relevant for EV
batteries:

• the risk of cannibalisation of the current product portfolio through increased competition
between existing linear and new circular product offerings;

• the lack of transparency about the content and origin of resources as well as the lack of
standardisation of products;

• uncertain profitability and financial risks due to uncertain markets for the CE, e.g. high
upfront investments and uncertainties about return on investment.

After identifying the general drivers and obstacles of the CE, which are also of relevance for EV
batteries, Figure 6–8 shows the assessment results for battery-specific obstacles using the impact
score (selection criterion: absolute value of impact score >0.25). It can be seen that battery
design is identified as a barrier for circular business models, especially at the EoL. This includes
both the lack of standardisation of modules and packs as well as connections which are difficult to
disassemble. In addition, experts rate the lack of cooperation between stakeholders in the energy
industry and the mobility sector as a critical barrier to the implementation of circular business
models. However, the barriers shown in Figure 6–8 are currently being countered by a number of
drivers. For instance, almost 80 % of the respondents see urbanisation and the associated new
mobility concepts as a trend that increases the demand for circular business models. With a share
of above 90 %, the majority also evaluates the energy transition (“Energiewende”) as one of the
most important drivers, since it is accompanied not only by an increasing demand for EVs, but
also for stationary storage systems and thus potential SL applications.
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Figure 6–8: Assessment of battery-specific barriers of the circular economy using the impact
score (maximum: absolute value of impact score = 1, number of answers > 21)

Then, the regulatory framework, which is regarded as an important obstacle to the implementation
of circular business models for EV batteries, was queried in more detail. According to the survey
participants, the European Directive 2006/66/EC (short: “batteries directive”) turns out to be
particularly inhibiting. As pointed out by the recent evaluation report [219], it does not provide
any material-specific incentives and no incentives to increase collection and recycling rates
beyond the current minimum. In addition, the batteries directive does not take the implementation
of innovative approaches such as SL applications and technological developments sufficiently
into account [219, p. 35]. More than half of the respondents also see regulations on hazardous
substances and chemicals such as REACH (EC 1907/2006) as a regulatory obstacle. As discussed
in [89, p. 19], these could hamper the use of innovative materials and the use of remanufactured
components due to the unpredictability of future restrictions. Furthermore, uncertainties about
the ownership and liability of batteries at the EoL represent a barrier for more than half of
the respondents. The extended producer responsibility, for example, which holds the producer
responsible for the EoL treatment, does not properly address possible SL applications [219, p. 36].
At the same time, however, there are already a number of drivers that favour the implementation
of circular activities. These include, for instance, the innovation deals introduced by the European
Commission, in the course of which regulatory obstacles to innovation are identified and made
visible by affected players. One example is the already signed innovation deal [220] on the reuse
and recycling of EV batteries.
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Finally, the analysis of the detailed survey results for the three types of circular business models
leads to the most important barriers and digital enablers summarised in Table 6–4. These digital
technologies do not only support the implementation of circular business models, but may, in the
future, also themselves be at the centre of disruptive business models.

Table 6–4: Overview of the most important barriers and enablers for the implementation of
circular business models for electric vehicle batteries

Category Battery as a Servicea Second-Lifeb Recyclingb

Economic
barriers

Uncertain business case
for manufacturers due to
the need for rethinking of
customers and the
establishment of new
(sales) structures

Uncertainty with regard
to potential of and
revenues on stationary
battery markets

Risks for investments in
mostly automatised
processes due to
technological
uncertainties

Decreasing battery
prices and recycling
costs as well as uncertain
development of resource
prices

Costs for processing of
Second-Life batteries

Organisa-
tional
barriers

Lack of control over
battery use phase

Unresolved design of
warranties for end
customers

Technical
barriers

Lack of data about
battery ageing in the use
phase

Security concerns with
regard to battery
processing and
Second-Life applications

Currently low
technological maturity
and therefore high costs
for recycling plants

Uncertainty concerning
ageing due to improper
use

Digital
enablersc

Use of big data analyses for better decision making in circular systems

Modelling of batteries as digital twins to control and optimise the life cycle

Linking of batteries in the internet of things for product and material tracking
and recording of usage behaviour

Machine learning for process and system optimisation

Use of product life cycle management systems for data integration across
the value chain

a Selection based on multiple answers in survey and coverage with explorative interviews
b Selection criterion: absolute value of impact score >0.3
c Selection criterion: classified as a potential enabler by more than 80 % of respondents

Despite the numerous barriers identified, the survey also indicates that the experts do not expect
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these barriers to prevent the implementation of circular business models for EV batteries. The
likelihood of implementation in 4 years, for example, is rated at 55 %, 67 % and 74 % for recycling,
BaaS and SL, respectively. In addition, the survey results show that the respondents expect these
probabilities to rise to 74 %, 87 % and 87 % in 8 years, indicating that a removal of barriers is
expected by the experts in the field. Nevertheless, with 83 % a large proportion of those surveyed
believe that the implementation of circular business models requires new partnerships along the
value chain. Furthermore, 35 % of the respondents point out the need for new financial support
mechanisms. However, it should be noted that these values can not be generalised, since the
respondents are experts with an interest in the field of study.

Finally, from the results of the expert interviews, the survey as well as the underlying background
literature, the following critical factors for the successful implementation of a circular value chain
for EV batteries are derived:

1. Design for disassembly and standardisation: The design of traction batteries must take
into account the EoL already in the design process. To this end, minimum standards
must be introduced that define a common denominator with regard to battery housing and
connectors, so that remanufacturing, reuse and recycling can be carried out economically.

2. Cooperation and data transparency: It must be made possible for companies along the
battery value chain and between the mobility and energy sectors to cooperate sufficiently
with each other. In this context, there is a need to establish new partnerships and platforms
to enable cross-sectoral and cross-company cooperation and data exchange.

3. Extended ownership, take-back systems and warranties: Global take-back systems must
be established to ensure the necessary battery volumes for SL and recycling. One way
to achieve this is the development of new ownership models, in which manufacturers or
other companies keep the ownership beyond the point of sale. This can potentially also
contribute to providing sufficient warranty on SL batteries.

4. Regulatory incentives at End-of-Life: The regulator must provide stronger incentives
for the remanufacturing and reuse of batteries and promote higher recycling rates. This
necessity has also been recognised by the European Commission so that the batteries
directive is currently already undergoing a revision process, with expert circles assuming
that the revised version contains stronger incentives for a CE.

The key stakeholders and the identified critical success factors for circular business models along
the value chain of EV batteries are summarised in the schematic illustration in Figure 6–9.

Summary

Based on a literature review, explorative interviews and an expert survey four critical success
factors for the practical implementation of circular business models for EV batteries were
identified. These encompass not only regulatory incentives at the EoL, but also an incorporation
of the whole life cycle into the design process. Furthermore, sufficient return volumes of
EoL batteries need to be ensured, for which new ownership models constitute one possibility.
Lastly, the basis for a practical implementation of circular business models are new forms of
cooperation and data exchange across the whole value chain. In this context, especially the newly
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Figure 6–9: Critical success factors for the implementation of circular business models for
electric vehicle batteries

emerging interfaces between the energy industry and mobility sector pose a challenge, but also
an opportunity for two sectors currently undergoing a transition process. Overall, the removal of
the identified technical, regulatory, organisational and economic barriers forms the prerequisite
for a practical implementation of circular business models, which again are the basis for raising
the environmental and economic potential of CE approaches for EV batteries.
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Starting with the identification of current hot spots with regard to the climate impact and critical
metal demand for lithium-ion (Li-ion) traction batteries, technically feasible approaches from the
circular economy (CE) were identified for each phase of the battery’s life cycle. To quantify the
potential of CE approaches to reduce the demand for primary lithium (Li) and cobalt (Co) as
well as energy-related greenhouse gas (GHG) emissions, a set of instruments was developed and
applied to selected CE approaches for electric vehicle (EV) batteries. Additionally, the potential
for a practical implementation of the CE for EV batteries was discussed by means of an economic
assessment and an analysis of the drivers and barriers from the stakeholders’ perspective. Thus,
a method to systematically assess the potential of CE approaches to reduce critical resource
demand and GHG emissions was developed and applied to EV batteries. This procedure resulted
not only in a set of instruments to include future developments and energy system effects into
emission and resource assessments, but also quantitative results for the selected application
examples. In the future, this set of instruments could be further extended, since the developed and
applied instruments do neither cover all possible CE approaches for EV batteries nor all identified
challenges for an emission and resource assessment. Furthermore, this set of instruments could
be adapted for the assessment of other key technologies such as wind power plants, photovoltaic
systems and Power-to-X technologies.

Overall, based on the developed instruments and generated results, the following six core issues
for the assessment of the climate and resource impact of EV batteries and the improvement
potential through the CE were identified:

Since the scale and energy supply of the production plant are important determinants of the
battery’s climate impact, there is great potential for improvement through energy efficiency and
the use of renewable energy.

The comparisons of battery-electric vehicles (BEVs) with conventional combustion engine
vehicles, which were extensively discussed in the media, are usually based on current or
even outdated data for battery production. Considering that Li-ion traction batteries and the
corresponding production process are still undergoing a development, a step-wise procedure for
dealing with uncertainties in the assessment of emerging technologies was applied. Thereby
it was shown that the climate impact of battery production is strongly sensitive to the energy
efficiency of the production plant, which is going to improve on an industrial scale, as well as the
carbon intensity of the plant’s energy supply. This means that the choice of location, as well as a
proper design of the energy supply, play a key role in the development of new battery production
sites. It can be expected that through energy efficiency measures as well as renewable energy
supply, in the future a significant reduction of the initial disadvantage of BEVs, which results
from the energy-intensity of battery production, is achieved.
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In view of rapidly increasing energy densities, starting from [113] future research should further
focus on analysing the sensitivity of the environmental impact of battery production on the
development of the battery’s energy density. Furthermore, as pointed out in [32], apart from
current Li-ion batteries, in the future, other battery technologies such as solid state and Li-sulphur
batteries might emerge. To estimate the environmental impact of these technologies prospective
Life Cycle Assessment (LCA) studies, such as for example [113], are required. However, the
basis for all of these assessments is an increasing availability and transparency of input data
which can be supported by initiatives such as the Environmental Footprint Pilots of the European
Commission [221].

When designing climate mitigation strategies for the mobility sector, future developments of the
energy system must be taken into account. This requires methods for emission balancing which
consider the increasing linkages between different energy carriers as well as the expansion of
fluctuating renewable energy systems.

As GHG abatement measures such as EV will operate in a future energy system, also for the
battery’s use phase, future developments need to be considered in the emission assessment. For
the electricity system this refers, on the one hand, to the expansion of renewable electricity
systems leading to an increasing volatility of electricity generation. On the other hand, the
roll-out of sector-coupling Power-to-X technologies leads to stronger linkages between energy
carriers. To account for these developments, an emission assessment method for multi-energy
carrier system was developed, which results in hourly emission factors for the different energy
carriers for each year covered by the modelled energy system scenario. By making use of the
year-dependent emission factors of electricity in a vehicle comparison, it was demonstrated
that the advantage of BEVs during operation is reinforced when taking into account the future
improvement of the background electricity system.

As outlined in [141], the resulting hourly emission factors for electricity can also be used to
determine the potential of different load management strategies to further reduce the environmental
impact of EVs. Apart from EVs, the time series of emission factors can, furthermore, be used to
assess other drive trains such as fuel cell electric vehicle as well as renewable fuels. This is for
example subject of the BEniVer project whose approach is described in [222]. In this context,
the effect of the level of decarbonisation of the energy system on the environmental impact of
different vehicle types is also of interest. To address this issue, the application of the emission
accounting method should be extended to other energy system scenarios.

Due to the feedback with the electricity system, the expansion of electric vehicles must be considered
together with the expansion of renewable energy systems and optimised load management strategies
to fully exploit the advantages of electric mobility in the use phase.

The high efficiency of the electric drive train leads to an advantage of EVs compared to
conventional vehicles in the use phase. This holds true even for a large share of electricity
demand still being covered by conventional power plants. The comparison of different emission
accounting methods for electricity showed that the applied short-term marginal approach leads to
higher emission factors than the electricity mix method. This underlines the need to complement
measures leading to an increase in load, such as EV, by an expansion of renewable electricity. This
will ensure that the GHG abatement effect is further improved in the mid- to long-term. While
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the advantage of EVs in the use phase can be further pronounced by load management strategies,
in this context the choice of indicator poses a challenge. The so-called merit order dilemma for
example leads to a discrepancy between price- and emission-optimised strategies, which can be
partly solved by higher prices for CO2 certificates, leading to a fuel switch between coal- and
gas-fired power plants. However, using time series of emission factors for load optimisation is
not sufficient when aiming at an increased integration of renewable surpluses. In this case further
indicators, such as the residual load, need to be incorporated.

Based on the work in [141], in the future, trade-offs resulting from different optimisation targets
(e.g. emissions, system costs or stakeholder costs) should be evaluated in more detail, so as to
derive a balanced strategy for load management of EVs for further practical implementation.
Also, to enable an integration of a large number of EVs into the energy system, there is a need
to look deeper into the interaction of electric mobility and the energy system using dynamic
approaches accounting for large-scale changes, as for example described in [158].

Since battery ageing can be crucial for critical metal and emission savings as well as the
profitability of Second-Life batteries, the selection of suitable storage applications is a prerequisite
for a successful implementation of Second-Life approaches.

By including the functionality loss of the battery into the assessment of Second-Life (SL) batteries,
it was outlined that emission, resource and cost savings strongly depend on the selected stationary
application. This is, on the one hand, due to the dependency of the battery ageing process
on the considered load profile and, on the other hand, due to the difference in substituted cell
technologies, which strongly impacts critical metal savings. Thus, SL applications should be
selected in such a way that they are characterised by mild load profiles as well as a substitution of
technologies with a large carbon footprint and critical metal demand.

The basis for a suitable matching of SL batteries and stationary battery applications is a deeper
knowledge about the state of the EV battery at its EoL in the vehicle. According to [168] state of
health (SoH) quick tests as well as interface standardisation, are possible solutions for providing
better insight into battery history. Furthermore, options for increasing the lifetime of SL batteries
need to be further investigated. In this context, in [168] an ageing-dependent load adaptation is
proposed to prevent non-linear ageing, while [212] pursue the strategy of reducing the stress on
SL batteries through a combination with new batteries.

Due to a temporal shift of the recycling process and substitution effects on stationary markets,
Second-Life approaches do not automatically lead to a reduction in critical metal demand. In point
of fact, potential trade-offs between different environmental indicators need to be considered.

When the CE is discussed, it is often taken for granted that circular approaches lead to a reduction
of the environmental and resource impact. But by means of a dynamic Material Flow Analysis
(MFA) it was shown that SL concepts do not automatically lead to critical metal savings, if
temporal delays and substitution effects on stationary battery markets are included. Instead it
was demonstrated that SL applications can lead to trade-offs between different indicators, in this
case primary Li and Co demand. Thus, it needs to be considered that through SL applications
valuable metals such as Co are bound in stationary markets, which otherwise would be available
for recycling and therefore for the production of new, potentially more resource-efficient batteries.
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It was further shown that recycling leads to a significant reduction in primary metal demand, but
overall critical metal demand remains high due to growing battery markets.

To provide insights into the impact of recycling and SL applications on GHG emissions and
into possible trade-offs with critical metal demand, the proposed extension of the dynamic MFA
model by LCA should be conducted. Furthermore, as the focus of this thesis was on Li-ion
batteries, the effect of breakthroughs in battery technologies, as in [82], could be further analysed,
for example by means of additional scenarios.

If the identified critical success factors for an implementation of circular business models for
electric vehicle batteries are addressed, the circular economy offers new business opportunities
for the energy and mobility sectors, which are currently undergoing a transition process.

Using the example of SL batteries, it was shown that CE approaches can potentially lead to cost
savings and an increased profitability from a stakeholder perspective. The achievable economic
benefit, however, is not only strongly dependent on the lifetime of the SL battery, but also on
the costs for processing of SL batteries and the development of costs for new batteries, which
have fallen sharply in recent years. The stakeholder analysis revealed that representatives of the
battery value chain expect CE approaches to be implemented in the future, but not as a matter of
course since first existing barriers need to be removed. As the interface between the mobility
sector and the energy industry increases in a circular battery supply chain, one of the key success
factors is a closer cooperation between these two sectors. If a cooperation succeeds, this can
potentially lead to the emergence of new business opportunities for two sectors currently facing a
profound transition process.

To exploit the potential of CE approaches for critical metal and GHG emission savings, in the
future, the identified critical success factors need to be addressed by policy makers. This includes
creating the boundary conditions for an increased cooperation between sectors, a design for
disassembly through standardisation, an establishment of functioning take-back systems and an
increase in material-specific recycling rates. For this purpose, partnerships such as the global
battery alliance [223] and the working group on EV batteries in the context of the German
CE initiative [21] form a good starting point. Furthermore, for a practical implementation of
circular business models for EV batteries, case-specific assessments are required to point out the
economic potential for the implementing stakeholders.

Overall, it can be concluded that the CE offers potentials to reduce the carbon footprint and critical
metal demand for EV batteries if current barriers are removed. However, the actual impact of CE
approaches on GHG emissions and critical metal demand is strongly dependent on energy system
effects and future developments. Therefore, the assessment of GHG abatement technologies
such as EVs, as well as the saving potential through CE approaches, can not be carried out from
today’s point of view, but needs to include a future perspective over the technology’s entire life
cycle.
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