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1 | INTRODUCTION

Abstract

The market for electric vehicles is growing rapidly, and there is a large demand for
lithium-ion batteries (LIB). Studies have predicted a growth of 600% in LIB demand by
2030. However, the production of LIBs is energy intensive, thus contradicting the goal
set by Europe to reduce greenhouse gas (GHG) emissions and become GHG emission
free by 2040. Therefore, in this study, it was analyzed how the energy consumption and
corresponding GHG emissions from LIB cell production may develop until 2030. Eco-
nomic, technological, and political measures were considered and applied to market
forecasts and to a model of a state-of-the art LIB cell factory. Notably, different scenar-
ios with trend assumptions and above/below-trend assumptions were considered. It
could be deduced that, if no measures are taken and if the status quo is extrapolated to
the future, by 2030, ~5.86 Mt CO,-eq will be emitted due to energy consumption from
European LIB cell production. However, by applying a combination of economic, tech-
nological, and political measures, energy consumption and GHG emissions could be
decreased by 46% and 56% by 2030, respectively. Furthermore, it was found that polit-
ical measures, such as improving the electricity mix, are important but less dominant
than improving the production technology and infrastructure. In this study, it could be
deduced that, by 2030, through industrialization and application of novel production
technologies, the energy consumption and GHG emissions from LIB cell production in

Europe can be reduced by 24%.

KEYWORDS
battery cell production, energy consumption, forecast, greenhouse gas emissions, industrial
ecology, technology assessment

1.1 | Importance of the market and lithium-ion battery production

Inthe global energy policy, electric vehicles (EVs) play an important role to reducing the use of fossil fuels and promote the application of renewable

energy. Notably, the EV market is growing rapidly. Many major car manufacturers have announced that they no longer intend to produce combustion

This is an open access article under the terms of the Creative Commons Attribution License, which permits use, distribution and reproduction in any medium, provided
the original work is properly cited.
© 2023 The Authors. Journal of Industrial Ecology published by Wiley Periodicals LLC on behalf of International Society for Industrial Ecology.

964 wileyonlinelibrary.com/journal/jiec Journal of Industrial Ecology 2023;27:964-976.


https://orcid.org/0000-0003-3650-1803
mailto:florian.degen@ffb.fraunhofer.de
http://creativecommons.org/licenses/by/4.0/
https://wileyonlinelibrary.com/journal/jiec

JOURNAL OF

nousTriaLecorocy W LEY 965

DEGEN )

(a) LIB capacity demands, Global & Europe (b) Announced LIB production capacities in the EU
(in GWh, as of 01/2021) (in GWh, as of 01/2021)
3,000.0 td
’I
Vg @ 2030
2,500.0 2025
— — Northvolt
\ @ /
2,000.0
NO: 66 FREYR, MORROW
% 56)
UK: 67 < AMTE Power/Britishvolt,
1,500.0 () Envision AESC
4
1,000.0 ————— LG Energy, Northvolt
- ACC, CATL, Cellforce, Farasis, VARTA
microvast, VW, SVOLT, Tesla,
500.0 - ﬁj MES
N - inoBAT
AV Samsung SDI, SKI
0.0 L - FR: 82 « ACC, Verkor
2021 2022 2023 2024 2025 2026 2027 2028 2029 2030 (‘;fé‘?}
N Im: 73« Itavolt, FAAM
W European average mmmm Global average === Global Max (+50%) ) a3 —
~ == Global Min (-30%) =~ European Max (+50%) === European Min (-30%) ‘5{5“ i " = LG Energy, Valencian BA
A Frost and Sullivan, 2020 e B3,2019 + Roskill, 2020 20
X BNEF, 2020 B¢ Yano, 2020 = BMI, 2020

FIGURE 1 (a) Lithium-ion battery (LIB) capacity demands globally and in Europe. (b) Announced cell production capacities in the European
Union (EU), based on Hettesheimer et al. (Hettesheimer et al., 2021). The data are available in Supporting Information S1.

engines in the medium-term future and will instead focus entirely on EVs (Forbes, 2021a, 2021b; Reuters, 2021). Consequently, the global market
for lithium-ion battery (LIB) cells has grown rapidly. The World Economic Forum predicted a demand of 3500 GWh/a for LIBs by 2030 (World
Economic Forum, 2019). Tesla’s chief executive officer (CEO) Elon Musk even mentioned a global demand for LIBs of 10,000 GWh/a in the future
(Musk, 2020). Hereby, future battery cell factory locations will be in close distance to original equipment manufacturer (OEM), primarily the large
automotive companies (Hettesheimer et al., 2021). These are in particular Asia, Europe, and the United States of America. According to predictions
made in previous studies, in the future, approximately 25%—30% of the world’s LIB cells will be manufactured in Europe (Hettesheimer et al., 2021;
Michaelis & Rahimzei, 2020). The global demand for LIBs expected to develop by 2030, especially in Europe, is shown in Figure 1.

The data shown are from a meta-study conducted by the Fraunhofer Institute for Systems and Innovation Research ISI, which uses forecasts
and market studies from various market forecast companies (B3, 2021; Benchmark Mineral Intelligence, 2020; BloombergNEF, 2020; Frost &
Sullivan, 2020; Roskill, 2021; Yano Research Institute, 2020). Parts of the meta-study, especially for global production, have already been published
(Hettesheimer et al., 2021). Zhou et al. (2021) conducted a comparable meta-study, which uses other market forecasts but obtains comparable
results. The data can be obtained from Supporting Information S1.

Global battery cell production is currently assumed to grow to 2000 GWh/a by 2030, with a minimum scenario of 1500 GWh/a and a maximum
scenario of 3200 GWh/a. A large part of the demand is solely to produce battery cells for EVs (Hettesheimer et al., 2021; Michaelis & Rahimzei,
2020). For Europe, production volumes of approximately 984 GWh/a by 2030 have already been announced (Hettesheimer et al., 2021). However,
it must be considered that not all announced projects will be realized until 2030. Nevertheless, by 2030, the battery cell market will increase signifi-
cantly. This is amajor challenge for the European Union (EU), which aims to reduce greenhouse gas (GHG) emissions significantly by 2030 (European
Commission, 2021a) and become GHG emission free by 2050 (European Commission, 2021b). On the one hand, EVs support this goal, but on the
other hand, LIB production is a new growing market, with significant energy consumption and GHG emissions (Romare & Dahll6f, 2017). There-
fore, the European Commission plans to regulate this market, with respect to its ecological aspects, and mandate an ecological battery passport by
2026 (European Commission, 2020). This indicates that LIB production and the related future GHG emissions are strongly relevant and important
economic and socio-political topics for sustainable development.

1.2 | Gap in literature

To enable the transition from combustion engines to EVs and generate added ecological value, two things are important: EVs must be powered by
electricity from renewable sources and battery cells must be produced as sustainably as possible. Battery cell creation can be separated in material
mining, material processing, and in the production of battery cells in battery cell factories. While the mining and processing of materials have various
impacts in different environmental categories, the sustainability of a battery cell factory depends mostly on its energy consumption (electricity,
natural gas) respectively its resulting GHG emissions expressed in CO, equivalents. The reason is that in a battery cell factory all input material
is processed to battery cells (output), provided that scrap rate is 0%. Additives such as N-methyl-2-pyrrolidone (NMP) and others are processed
in closed circuits within the factory. Therefore other environmental impact categories known from LCAs than GHG emissions are not relevant for
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battery cell factories. However, even for LCAs of LIBs, including material mining and processing, GHG emissions resulting from energy consumption

is named as the most important impact category by all major LCA studies (Romare & Dahllof, 2017).

In a meta-analysis conducted in 2017, the energy consumption and GHG emissions from LIBs were analyzed based on the current life cycle
assessment (LCA) literature of that time (Romare & Dahll6f, 2017). The meta-analysis indicated that the energy consumption in LIB cell production
varied widely between 350 and 650 MJ/kWHh, as is largely caused by battery production. They state that “mining and refining seem to contribute
a relatively small amount to the current life cycle of the battery” (Romare & Dahllof, 2017). The authors concluded that “the currently available
data are usually not transparent enough to draw detailed conclusions about the battery’s production emissions” (Romare & Dahll6f, 2017). Another
comprehensive study (Degen & Schitte, 2022) confirmed this and indicated that this knowledge gap exists to date, especially when it comes to
energy consumption of specific production steps in an LIB cell factory.

According to a comprehensive literature review of Degen & Schiitte (2022) many relevant LCA studies on the production of LIB cells depend on
three major inventories for years 2010 (Notter et al., 2010; Zackrisson et al., 2010), 2011 (Majeau-Bettez et al., 2011), and 2014 (Ellingsen et al.,
2014). Many subsequent studies have referred to these primary data and adapted them according to their own considerations. This is particularly
apparent in a previous study conducted by Le Varlet et al. (2020), which implements all three studies from 2010, 2011, and 2014. However, in other
previous LCA studies (Ambrose & Kendall, 2016; Cusenza et al., 2019; Faria et al., 2014; Kallitsis et al., 2020; Marques et al., 2019; Simon & Weil,
2013; Zhao & You, 2019), the inventories from the LCA studies published in 2010 and 2011 were used as the foundation. Moreover, only certain
studies (Cusenzaet al.,2019; Dai et al., 2019; Ellingsen et al., 2014; Kallitsis et al., 2020; Kim et al., 2016; Majeau-Bettez et al., 2011; Sun et al., 2020)
deal with lithium nickel manganese cobalt oxide (NMC) chemistries, which are state of the art today and most widely used today. Other studies have

used other, less important, cell chemistries. This results in the following problems (Degen & Schiitte, 2022):

« Age of analyzed LIB technologies: A large part of the studies consider obsolete or less important material chemistries that no longer correspond
to the current state-of-the-art technology that is widely used. For example, Notter et al. (2010), one of the most important sources of primary
LIB data are lithium manganese oxide (LMO) cells. These cells are no longer relevant today and, in industrial practice, they have been almost
completely replaced by NMC cells. However, NMC cells have also been further developed from the former NMC111 and NMC333 chemistries
to the current NMC622 and NMC811 chemistries. Thus, there have been significant changes in the requirements for production technology, and
thus, in the energy consumption of and GHG emissions from battery production.

* Age of analyzed production technologies: Even without taking into account the mentioned further development of battery chemistry, produc-
tion technologies have developed significantly, partly due to the rapid market growth. Notably, new production technologies and economies of
scale have significantly increased the production efficiency and reduced the energy consumption during battery production.

Consequently, the most current LCA studies in the scientific literature on the production of LIBs are no longer up to date and should not be used
for the ecological analysis of the NMC622 and NMC811 LIBs in today’s industrial mass production. More recent studies (Sun et al., 2020) provide
own primary data, but with a lack of transparency in terms of the production process and with energy mix data from China. As in other studies, the
individual battery cell production steps in a LIB factory are not covered in detail. A study of Erakca et al. (2021) analyzes the energy consumption
of these individual battery cell production steps, but only for manufacturing on a laboratory scale and not an industrial scale. As a consequence,
their calculated energy consumption for LIB cell production is 35 times higher than that of an LIB cell factory. However, a most recent study by
Degen & Schiitte (2022) uses own primary data for an LIB cell factory and also provides details and transparency regarding the individual battery
cell production steps in an LIB cell factory.

Because there was no reliable data yet in the literature on the energy consumption and GHG emissions of current industrial NMC-based battery
cell production for each individual production step in a LIB cell factory, there could not be reliable forecasts of future energy consumption neither.
This is apparent in a commercial forecast study by Whattoff et al. (2021), which uses data from Dai et al. (2019) and therefore assumes GHG emis-
sions three times larger than calculated by Degen and Schitte (2022) for a state-of-the-art LIB cell factory. In addition, the study lacks background
details and only considers the impact of the change in electric energy mix. Further forecast studies are currently not available. Consequently, there
is currently no reliable knowledge available on how the energy consumption of LIB cell production will develop in the future, on the factors that may
have a significant effect on LIB cell production, and on measures that can reduce the GHG emissions of LIB cell factories. However, by the recent

study of Degen and Schiitte (2022) such forecasts were made possible and will be addressed in this paper.

1.3 | Focus of study and research goal

In this study the comprehensive battery cell production data of Degen and Schitte (2022) was used to estimate the energy consumption of and
GHG emissions from battery production in Europe by 2030. In addition, it was possible to analyze and propose new methods to suggest how the
government and battery cell producers themselves could make battery production more sustainable.
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FIGURE 2 Scenarios analyzed in this study, along with their factors and the system boundary of this study; market-driven (MD),
product-driven (PD), technology-driven (TD), legally driven (LD) scenarios.

Because battery cell production is still relatively in its early technological stages, there is much potential to improve efficiency, energy consump-
tion, and corresponding GHG emissions in battery cell production. The study is structured analogously to ReiBmann et al. (2021). Analogously,
four different scenarios that may have a significant impact on improving the energy consumption and corresponding GHG emissions of battery cell
production were analyzed (Figure 2):

* Market-driven (MD) scenario: In this scenario, the strong growth of the battery cell market, which is expected to reach up to 600% of the current
level by 2030 was taken into account (Hettesheimer et al.,2021; Zhou et al., 2021). Notably, market growth alone results in an absolute increase in
the energy consumption in and GHG emissions from LIB cell production. Additionally, economies of scale will also exist because of the increase in
production volume, resulting from the synergies in production, which improves production efficiency. This also has an effect on energy consump-
tion and is known as “ecologies of scale” (Schlich & Fleissner, 2005). Another factor is “learning effects” which is a process of improving results and
earning through education. Notably, this is different from economies of scale because learning effects depend on not only the annual production
volume but also the cumulative quantity of LIB cells produced (Henderson, 1968). Through learning effects, existing production technologies can
be used more efficiently.

* Product-driven (PD) scenario: Over the past years, batteries are constantly being developed and improved, particularly driven by high market
growth. For example, the LMO cell chemistries analyzed by Notter et al. (2010) have become less important today and will become obsolete in
the near future; they will most probably be replaced by NMC chemistries, such as NMC811. Further developments in cell chemistries and cell
formats can cause significant changes in the production infrastructure and, therefore, energy consumption. However, the upcoming new battery
cell type, post lithium-ion batteries (PLIBs), will prove to be more important. These are, for example, the solid-state batteries (S5Bs), sodium-ion
batteries (SIBs), lithium-sulfur batteries (LSBs), and lithium-air batteries (LABs). In most cases, these new battery types require new production
technologies (Duffner et al., 2021). This will significantly affect the energy consumption in and GHG emissions from battery cell production in the
future.

* Technology-driven (TD) scenario: The efficiency of battery cell production can be further improved by optimizing the use of existing production
technologies and enhancing the production technologies themselves. There are many novel production technologies that have the ability to
significantly reduce the energy consumption and cost in LIB cell production in the near future (Duffner et al., 2021; Michaelis & Rahimzei, 2020).
Michaelis and Rahimzei (2020) provided a comprehensive overview about promising technologies in LIB cell production that are currently in
development or even available as prototypes. In this study, the effects of four novel and most promising LIB cell production technologies, with
the highest impact on economic and ecologic key performance indicators (KPIs) in LIB cell production, were analyzed. In addition to development
and application of new production technology, other energy sources can be used, for example, replacing fossil fuels with green electricity or other
forms of energy. However, this requires changes in production technologies.

* Legally driven (LD) scenario: The EU is committed to significantly reduce GHG emissions by 2030 (European Commission, 2021a) and avoid it
completely by 2050 (European Commission, 2021b). Consequently, there is a wide range of policy measures in Europe to move away from fossil
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TABLE 1 Process-specific energy consumption in battery cell manufacturing, based on data obtained from Degen and Kratzig (2022b) and
Degen and Schiitte (2022).

Electric energy consumption per Natural gas energy consumption per

# Production step battery cell capacity [kWhgiec./kWh gy ] battery cell capacity [kWhg,./kWh,y]
01 Mixing 0.13 0.00
02 Coating and drying 0.92 10.10
03 Calendering 0.53 0.00
04 Slitting 0.16 0.00
05 Vacuum drying 0.04 157
06 Winding 0.25 0.00
07 Assembling 1.59 0.00
08 Washing 1.98 0.00
09 Formation 9.92 0.25
10 Aging 0.00 0.40
11 Testing 0.99 0.00
- Handling 1.98 0.00
— Dry rooms 1.62 9.06

Sum 20.11 21.37

Total sum 41.48

fuels to renewable energy. The most important measure is to increase the renewable energy share in the electricity mix, promoted by various
political support instruments, such as subsidies and sanctions. For battery cell production, this indicates that, in the future, electricity will have a
higher share of renewable energy, and the use of fossil fuels in production will be a limited (European Commission, 2021a, 2021b).

It is important to mention that the given scenarios can affect each other. For example, new and improved batteries lead to increased market
demand, and increased market demand leads to increased motivation to invest money in the development of new and improved batteries. For
reasons of complexity, in this study, only the main effects of these scenarios were considered. In addition, it is also important to mention that the
assessment of the material is not included in this study. The study is focusing in particular on a gate-to-gate value chain.

In this study, the goal was to analyze how different scenarios may affect energy consumption in and GHG emissions from European battery cell
production until 2030. In addition, | investigated measures that had the potential to promote more sustainable battery cell production. Because
the battery cell is the main component of EVs and the EV market will grow significantly in future, the socio-environmental relevance of European

battery cell production is considered as being very high.

2 | METHODS AND DATA
2.1 | Base case and reference technology

To estimate the future development of energy consumption and GHG emissions in LIB cell production, a base case is required that portrays the
current state-of-the-art LIB cell production and manufacturing data. For this study as base case data from Degen and Kratzig (2022b) and Degen
and Schitte (2022) was used. Degen and Kratzig (2022b) got access to a state-of-the-art LIB cell factory in Europe and provided all machinery data
as well as an economic analysis. Degen and Schiitte (2022) used this machinery data for an ecological analysis of a battery cell factory in terms
of energy consumption and GHG emission. The analyzed factory line had a production output of 200 battery cells per minute (cylindrical, format
21700, NMC622 chemistry). The energy consumption of each production step of the LIB cell which was obtained in the named studies is shown in
Table 1. The corresponding data and manufactured LIB cell data are available in Supporting Information S2.

In LIB cell production, a large amount of electrical energy is required. The battery cells are charged and discharged several times to form a solid
electrolyte interphase (SEI) layer, which enables the battery cell to function (An et al., 2016). This step is very energy intensive because of the
charging and discharging losses during the formation process. Notably, when thermal energy is required, natural gas is generally used for battery
cell production; these include various drying processes and the requirement of high-temperature (HT) storage during aging. Approximately 41 kWh
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TABLE 2 Criteriafor assessment of future lithium-ion battery (LIB) cell production scenarios in terms of energy consumption and greenhouse
gas (GHG) emissions.

Criteria Description Symbol Unit
Absolute energy consumption of the Amount of energy required to produce the Eyear GWh/a
annual production annual market volume of LIBs
Cell-specific energy consumption of Amount of energy required to produce 1 kWh of Ecen kWh/kWh,g
the production battery cell capacity
» Thereof electricity Amount of energy of electricity required to produce Ecell elec kWhgjec/KWheey
1 kWh of battery cell capacity
» Thereof natural gas Amount of energy of natural gas required to produce B e kWhg,o/KWhc g
1 kWh of battery cell capacity
Absolute GHG emissions from Amount of GHG emissions resulting from the MGHG.year CO,-eq/a
annual production production of the annual market volume of LIB

cells resulting from the energy consumption
required for production

Cell-specific GHG emissions of the Amount of GHG emissions resulting from the MGHG cell CO,-eq/kWhcg
production production of 1 kWh of battery cell capacity

of energy is required to produce 1 kWh of battery cell capacity, excluding the energy required by the material (Degen & Schiitte, 2022). The numbers
used in this study represent the “base case” for deriving the other possible future scenarios mentioned in this study.

2.2 | Data and assessment criteria

In this step, the criteria applied for the assessment of future LIB cell manufacturing scenarios are defined. For this, the same criteria as that applied
by Degen and Schiitte (2022) for the ecological assessment of the current state-of-the-art LIB cell production are used. The assessment criteria are
presented in Table 2.

In this study, only ecological assessment parameters of a batter cell factory were considered. As written in chapter 1.2 these are in particular
electricity and natural gas consumption and their corresponding GHG emissions. In the production of LIB cells these account for approximately one
fourth of the manufacturing costs (Degen & Kratzig, 2022b). Therefore, a reduction in energy consumption also leads to a reduction in the produc-
tion costs. However, this could not be quantified due to the uncertain development of future energy costs, future criteria for financial sanctioning

of GHG emissions, and future composition of the LIB cells.

2.3 | Factor effects on assessment criteria

In this section, the factors that probably have the most significant effects on the assessment criteria are named and described. These factors cor-
respond to those shown in Figure 2. In addition to the figure, the factor “new production technologies” is divided into four specific technology
approaches. For the four process steps that consume the most energy in LIB cell production (coating and drying, formation, aging, and dry rooms;
see Table 1), the most promising technology innovations were selected. It could be estimated that by applying these four specific technological inno-
vations, a significant reduction in the energy consumption in LIB cell production may be possible in the future. Notably, the selection and evaluations
of these technologies were derived from previous studies conducted on LIB cell production (Degen & Kratzig, 2022a).

In total, 11 factors (F1-F11) were identified, which may have major effects on the assessment criteria defined in Table 2. Notably, the list of
factors, their explanation, and the assumptions of their effects on the assessment criteria are provided in Table 3. For each factor, an average effect
was assumed (trend), while considering an above-average (high) and below-average (low) effect. In addition, for each factor it is indicated which
assessment criteria are directly influenced by it. The theoretical basis as well as all calculations can be found in Supporting Information S3.

3 | RESULTS AND DISCUSSION

Notably, from the 11 identified factors (F1-F11), only 9 factors will have significant impacts on the assessment criteria. Factor F4 (new battery cell
recipes and formats) has only a minor effect on the assessment criteria, and F5 (new battery cell types) will not change significantly enough by 2030
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TABLE 3 Scenario factors and assumptions for analyzing the factor effects on assessment criteria.

Factor (Scenario)

F1: Market/production
increase (MD-scenario)

F2: Economies of scale/
ecologies of Scale
(MD-scenario)

F3: Learning effects
(MD-scenario)

F4: New battery cell recipes
and formats
(PD-scenario)

F5: New battery cell types
(PD-scenario)

Fé6: Improved energy sourcing
(TD-scenario)

F7: New technology, “Dry
coating”
(TD-scenario)

F8: New technology, “Fast
formation cycling”
(TD-scenario)

F9: New technology,
“Self-discharge analyzing”
(TD-scenario)

Assumptions

Development of market until 2030:
« Trend: According to Figure 1

« High: +50% above trend

« Low: —30% below trend

Reduction of energy consumption:
« Trend: —4% per doubled output
« High: —5% per doubled output
« Low: —3% per doubled output

Reduction of energy consumption:
« Trend: —4% per doubled output
« High: —=5% per doubled output
« Low: —3% per doubled output

Annual increase of areal electrode energy
density and thus reduction of energy
consumption in production to achieve
market demand

« Trend: —4% until 2030

« High: —5% until 2030

» Low: —3% until 2030

Share of used energy until 2030:
*n/a

Share of used energy until 2030:

« Trend: 49% electricity, 51% natural gas
« High: 100 % electricity, 0% natural gas
« Low: 48% electricity, 52% natural gas

Technology related parameters:

« Process step: Coating and drying
« Market entry: 2024

« Effect: —100% thermal energy
Market share until 2030:

« Trend: +7%/a market penetration
« High: +10%/a market penetration
« Low: +4%/a market penetration

Technology related parameters:

« Process step: Formation

« Market entry: 2022

« Effect: —40% electric energy
Market share until 2030:

« Trend: 10%/a market penetration
« High: 15%/a market penetration
» Low: 5%/a market penetration

Technology related parameters:

« Process step: (High temperature) aging
« Market entry: 2022

« Effect: —100% thermal energy

Market share until 2030:

« Trend: 5%/a market penetration

« High: 7%/a market penetration

« Low: 2%/a market penetration

Effects on assessment criteria and assumptions

Direct effects on:

« Absolute energy consumption

« Absolute GHG emissions

References: (Frith, 2021), (Hettesheimer et al.,
2021, (Zhou et al., 2021))

Direct effects on:

« Cell-specific energy consumption

« Cell-specific GHG emissions

Affected by:

« Market/production increase (annual)

References: ((Mauler et al., 2021; O'Sullivan
et al., 2002), (Schlich & Fleissner, 2005))

Direct effects on:

« Cell-specific energy consumption

« Cell-specific GHG emissions

Affected by:

« Market/production increase (cumulated)
Reference: (Stewart et al., 1995)

Direct effects on:

« Cell-specific energy consumption

« Cell-specific GHG emissions

References: ((Bhandari et al., 2022; Michaelis &
Rahimzei, 2020))

Direct effects on:

« Cell-specific energy consumption

« Cell-specific GHG emissions

References: ((Bhandari et al., 2022; Duffner et al.,
2021))

Direct effects on:

« Cell-specific energy consumption
« Cell-specific GHG emissions
Reference: (Degen & Schiitte, 2022)

Direct effects on:

« Cell-specific energy consumption

« Cell-specific GHG emissions

References: (Degen & Kritzig, 2022a), (Kwade
et al,, 2018), (Musk, 2020)

Direct effects on:

« Cell-specific energy consumption
« Cell-specific GHG emissions
Reference: (Anetal., 2017)

Direct effects on:

« Cell-specific energy consumption

« Cell-specific GHG emissions

References: ((Al-Zubaidi R-Smith et al., 2021;
Degen & Kratzig, 2022b))

(Continues)
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TABLE 3 (Continued)
Factor (Scenario) Assumptions

F10: New technology,
“Mini-environments”
(TD-scenario)

F11: Improved electricity
energy mix (LD-scenario)

Saving
potential
20.00%

15.00%
10.00%
5.00%

0.00%

F2: F3 F4 F5:

Economiesof Learning  New battery New battery
scale effects  receipts and types
formats

-5.00%

-10.00%

FIGURE 3

Technology related parameters:

« Process step: Dry rooms

« Market entry: 2023

« Effect: —65% thermal energy
Market share until 2030:

« Trend: 5%/a market penetration
« High: 7%/a market penetration
« Low: 2%/a market penetration

Share of renewable energy until 2030:
« Trend: GER: 65%, EU: 5 7%

« High: GER: 70%, EU: 62%

« Low: GER: 60%, EU: 52%

A) GHG emission saving potential
in European LIB cell production 2030 by factors

F8: F9:
Te Te T

Fast  Self discharge
formation
cycling

Fi_High
® Fi_Trend
uFi_low

F10:

Factor

- |I
F6: F7:

Energy T
sourcing  Dry coating
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Improved
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Effects on assessment criteria and assumptions

Direct effects on:

« Cell-specific energy consumption

« Cell-specific GHG emissions

References: ((Degen & Krétzig, 2022b), (Duffner
etal., 2021), (Kwade et al., 2018), Michaelis &
Rahimzei, 2018), (PEM of RWTH Aachen,
2017)

Direct effects on:

« Cell-specific GHG emissions

References: ((Buck et al., 2019 (German Ministry
of Economic Affairs & Energy, BMWi), Red|

etal,2021))
Saving B) GHG emission saving potential
ial in p LIB cell prod 2030 by scenarios
30.00%
25.00%
20.00%
15.00% m Fi_High
®Fi_Trend
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5.00% I
0.00% II Scenario
MD: PD: TD: LD

Market
driven
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Product
driven
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Legally
driven
scenario

Technology
driven
scenario

(a) Effect of the factors on greenhouse gas (GHG) emission saving potential in European LIB cell production by 2030 (excluded F1);

(b) contribution of the four scenarios on greenhouse gas (GHG) emission saving potential in European LIB cell production by 2030; market-driven
(MD), product-driven (PD), technology-driven (TD), and legally driven (LD) scenarios. The data are available in Supporting Information S4.

(Duffner et al., 2021; Michaelis & Rahimzei, 2020) to have a major impact on the assessment criteria. However, when using three factor levels and

a full factorial analysis, 3% = 19,683 factor combinations, and thus, 19,683 different future scenarios, are possible. To reduce complexity, first, only

the main effects of the factors were analyzed, ceteris paribus. The possible interactions between these factors have not yet been considered.

The factors affecting GHG emissions in Europe by 2030 are shown in Figure 3. In this figure, the factor F1 (market development) is not considered,

because this is the basis for the calculation of all factor effects. The complete calculations are provided in Supporting Information S4.

Figure 3 indicates that all factors affect the GHG savings potential to different degrees. As mentioned before, the factor F5 has no effect on the

GHG emissions from LIB cell production until 2030. Particularly noticeable is the factor Fé (energy sourcing): for a single factor variation of Fé6-high
(full use of electric energy and no use of natural gas), the GHG emissions in 2030 will be even higher than today. The reason for this is that only the
main effect was considered: a full switch to electricity instead of natural gas, but with a current electricity mix. Today, heat generated by natural
gas has less GHG emissions than the generation of the same amount of heat energy by electricity. However, by 2025 in the EU and probably 2030
in Germany, the kWh of electricity should have less CO, emissions than a kWh of heat produced by natural gas, when assuming a linear change.
At these break-even points, the use of electricity as the sole energy source makes more ecological sense. Notably, this depends on the prices of

electricity and natural gas in the future, as well as on the cost of CO, certificates.
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The ranking of the factors with the greatest single effect on potential GHG emissions savings in 2030 is as follows (descending order):

1. New production technologies

1.1. “Dry coating” technology (F7)
1.2 “Fast formation cycling” technology (F8)
1.3. “Mini environments” technology (F10)
1.4. “Self-discharge analysis” technology (F9)
2. Improved energy sourcing (F6)
3. Improved electricity energy mix (F11)
4, Learning Effects (F3)
5. Economies of scale (F2)
6. New battery cell recipes and formats (F4)
7. New battery cell types (F5)

Based on the impact of the scenarios mentioned in Figure 2, the ranking results (descending order for trend scenarios) are as follows:

1. Technology-driven scenario (—24.1%)
2. Market-driven scenario (excluding the market growth itself) (—21.8%)
3. Legally driven scenario (—17.5%)
4. Product-driven scenario (—4%)

The largest potential to reduce GHG emissions from the (TD) scenario is the combination of novel production technologies with heat pumps to
eliminate the need for natural gas, which results in an average GHG savings potential of —24.08% by 2030. Market-driven (MD) effects may also
result in significant savings potentials of —21.81% on average. The plans of the EU and member countries, such as Germany, to significantly increase
the share of renewable energy in the electricity mix by 2030 (LD scenario) can result in a GHG savings potential of —17.52%. Product-driven (PD)
effects will have only a minor impact of —4% on European GHG emissions by 2030; however, they are expected to significantly influence LIB cell
production and GHG emissions after 2030.

In this study, for ranking, only the main effects have been considered. Furthermore, only the effects in 2030 are discussed. Therefore, it was
calculated how the factors may affect the energy consumption and GHG emissions in LIB cell production from today to 2030. Notably, not only
the main effects but also all interactions between the factor variations were considered. Because interactions by definition cannot be attributed
to a single factor variation, the factors with the highest significance were applied first in the calculation, and the effects with lower significance
were applied subsequently. The corresponding calculations are presented in Supporting Information S4. The calculated results for the average
assumptions (trends) are shown in Figure 4. First, it is explained how “Cell specific energy consumption of the production (E.e)” may develop by
2030, along with predicting the shares of electric power and natural gas (Figure 4a). Then, it was explained how the “absolute energy consumption
of the annual production (E,e,)” may develop by 2030 and the shares of various factors that have energy saving potential (Figure 4b). Finally, the
“absolute GHG emissions from the annual production (mgg year)” that may develop by 2030 was portrayed, along with the shares of different
factors that have GHG emission saving potential (Figure 4c).

As shown in Figure 4a, by combining all the factors (F1-F11), by 2030, the cell-specific energy consumption of the production E¢), can be reduced
from 41.48 to 22.58 kWh/kWhcg. This is a 46% reduction compared to the current level. In 2021, 52% of the energy demand is covered by natural
gas; in 2030, electricity will have a higher share of 55%. The factors that have an impact on this shift from natural gas to electricity are dry coating
technology (F7), mini environment technology (F10), self-discharge analyzing technology (F10), and the use of heat pumps (F6). Notably, all relevant
factors are technology related and are part of the TD scenario.

As shown in Figure 4b, the energy consumption in LIB cell production will increase from 3775 GWh/a in 2021 to 26,320 GWh/a in 2030, if cell-
specific energy consumption is not improved. By combining all factors, energy consumption in 2030 can be almost halved, resulting in an energy
consumption of 14,918.04 GWh/a by 2030. Of these, approximately 8205 GWh are covered will be electricity (55%) and approximately 6718 GWh
by natural gas (45%). The biggest impacts are from the factors from the TD scenario (F6, F7, F8, F9, and F10). The improvement in the electric
energy mix has no effect on energy consumption. The economies of scale (F2) and learning effects (F3) cause further reduction. In total, in the trend
scenario, a reduction of 43% is estimated by the factors F2-F11.

As shown in Figure 4c, the GHG emissions will increase, owing to the strongly growing market and production output. Without significant mea-
sures in 2030, 5.86 Mt CO,-eq of GHG emission will be emitted. However, according to the measures F2-F11, the corresponding GHG emissions

can be reduced significantly; by 2030, the annual emissions of GHG emissions could be reduced by almost 54%. The largest contribution to GHG
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FIGURE 4 Development of (a) the cell-specific energy consumption in lithium-ion battery (LIB) cell production in Europe; (b) absolute energy
consumption in LIB cell production in Europe; and (c) absolute greenhouse gas (GHG) emissions from the annual LIB cell production in Europe. The
data are available in Supporting Information S4.
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savings is from the TD scenario (F6, F7, F8, F9, and F10). The second largest contribution is from the improved electricity energy mix (F11), enabling

the EU to achieve its self-declared climate goals (European Commission, 2021a, 2021b). In addition, the learning and scale effects (F2 and F3) will
contribute to a significant reduction in GHG emissions. In total, when cumulating the effects of F2-F11 during 2021-2030, 11.14 Mt CO,-eq could
be saved by 2030 in European LIB cell production. This is almost four times the GHG emission in 2030, with notable improvements, and twice the
GHG emission in 2030, without improvements.

However, it should be noted that future predictions are always uncertain. However, it was observed that small changes in the factor values
influenced the assessment criteria. A combination of variation changes different from the trend scenario could, therefore, change the forecast
significantly. Nevertheless, the trend scenario was chosen carefully, and there could be variations in the increase and decrease of the emissions.
Notably, the results obtained in this study are good indicators for estimating future development, but the exact numbers need to be deduced
carefully.

It is important to mention that energy consumption of LIB cell factories and its corresponding GHG emissions are only a part of a full LCA of LIB
cells. For instance material mining, material processing and also the end of life (EOL) are also important life cycle phases which are not addressed
in this study. It is assumed that in average 50% (Romare & Dahll6f, 2017) till 70% (Whattoff et al., 2021) of energy in a full life cycle of a LIB cell
corresponds to material mining and processing. Therefore it is not just important to reduce the GHG emissions of LIB cell factories, but also to
ensure that the material is mined and processed with low GHG emissions. Although there are also other impact categories relevant in LCAs of LIB
cells, many researchers name the energy consumption respectively the corresponding GHG emissions as the most important impact categories
(Romare & Dahlléf, 2017). Both the limitation of the system boundary and of the impact categories of this study have to be taken into account when
using this study for further decision making. However, regarding the limitations, the given results can be used as an important element for future
full LCAs of LIBs.

4 | CONCLUSION AND IMPLICATIONS

The market for LIBs and, therefore, the production of LIB cells is increasing rapidly. Studies have deduced that, in Europe, if no measures are taken,
this will lead to cumulated GHG emissions of 28.20 Mt CO,-eq during 2021-2030 and annual GHG emissions of 8.86 Mt CO,-eq/a by 2030. This
development contradicts the goal of the EU and its member states to be “climate neutral” until 2050 (European Commission, 2021b). Therefore,
strong measures must be taken to achieve these goals and reduce GHG emissions from LIB cell production. In this study, different scenarios that
can help reduce the future GHG emissions in the EU were studied. The main results of this study can be summarized as follows:

1. InEuropean LIB cell production, the energy consumption and GHG emissions will increase by almost 600% by 2030 if no measures are taken.

2. By applying a mix of political, economic, and technological measures, by 2030, energy consumption and GHG emissions (with respect to LIB
cell production) could be decreased by 46 % and 56%, respectively.

3. Notably, before 2030, changes in battery cell chemistry and battery cell formats will have no significant effects on energy consumption in
and GHG emissions from LIB cell production.

4. The EU-wide increase in the share of renewable energy in the electricity mix is animportant measure, but it is not the most effective measure
to reduce GHG emissions from LIB cell production.

5. The most important measure to reduce the related energy consumption and GHG emissions is industrialization and the application of new
production technologies.

6. By applying new production technology in the three production steps/environments that have the highest energy consumption (coat-
ing/drying, formation, and dry rooms), energy consumption and GHG emissions could be decreased by 24% by 2030.

7. Public funding programs should envisage new projects to improve production technology. Special focus should be on introducing new tech-
nologies and methods for coating/drying and formation processes and dry rooms, considering the fact that promising approaches are already

available at a pre-industrial development stage.

Because the future is uncertain and the battery market is highly dynamic, | recommend updating this study in the future. Notably, the chang-
ing market forecasts and the introduction of new production technologies must be considered. In addition, | recommend applying my method to
forecast LIB cell production in other regions, and to extent the system boundaries, for example, by adding the material mining, the material process-
ing, and the end-of-life phase. The calculation model, which is available in the Supporting Information, can be used for this purpose. However, the

presented results can be the basis for further research in the field of LCAs, especially in electromobility, second-use applications, and recycling.
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