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With an increasing number of electric vehicles on roads, recycling is an important 
topic to design circular supply chains for batteries. To stimulate such circular 
supply chains, the new EU battery directive includes mandatory recycled content 
in batteries and recovery rates of materials for lithium-ion batteries on the 
European market. Modeling the end-of-life of batteries as part of a life cycle 
assessment (LCA) is methodologically challenging as batteries are quite complex 
product systems. One of these challenges is the allocation of material impacts 
from different life cycle stages along subsequent product life cycles. We analyzed 
the different stakeholders in the life cycle of a lithium-ion battery and identified 
possible LCA questions based on their decision contexts. For each LCA question, 
an LCA archetype was defined, which includes the functional unit, the system 
boundary, and the allocation procedure. These archetypes are applied and 
tested in a case study. The results show a significant variance depending on the 
archetype used. This highlights the importance of understanding the stakeholder 
perspective in LCA and decision support.
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1. Introduction

The transport sector is responsible for 14% of all direct and indirect GHG emissions 
worldwide, with road transport being by far the biggest contributor within the sector (Lamb 
et al., 2021). Electric vehicles are seen as a key strategy to mitigate these environmental impacts. 
When using zero-carbon electricity, battery electric vehicles (BEV) become three to four times 
less carbon-intensive per kilometer driven than internal combustion engine vehicles 
(International Energy Agency, 2020). Lithium-ion batteries (LIBs) comprise many metals, which 
have environmentally intense mining and extraction processes (Olivetti et al., 2017; Xu et al., 
2020; Betz et al., 2021; Porzio and Scown, 2021). In this regard, end-of-life (EoL) strategies, 
particularly recycling, become increasingly relevant due to their potential to reduce the 
environmental impacts compared to primary materials. A manifestation of the importance of 
recycling is the proposal for the new EU directive (European Commission, 2020).
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The draft of the EU directive proposes a wide range of measures 
throughout all life cycle stages of a LIB to enhance the circular 
economy. The draft of the new EU directive sets, among other 
objectives, target values for the recovery rate, the number of secondary 
materials to be used in batteries on the European market, and the CO2 
footprint. The regulations focus on different life cycle stages and will 
become effective in different steps throughout the next years (see 
Figure 1; European Commission, 2020). It will become mandatory to 
give the CO2 footprint for all traction LIBs sold on the European 
market by 2024. By 2026, performance class labels for the CO2 
footprint will be  implemented, followed by the 2027 maximum 
thresholds. The CO2 footprint includes all life cycle stages from raw 
material extraction and processing to recycling and disposal. For the 
production of batteries, a quote regarding the secondary input of some 
of the main materials (lithium, nickel, cobalt, and lead) in batteries 
will be set. In 2025, a declaration of the secondary material quote is 
necessary. By 2030, a mandatory secondary material quote is 
implemented which is increased in 2035. For the recycling of batteries, 
recovery rates for some of the main materials (lithium, nickel, cobalt, 
copper, and lead) will be given. First mandatory recovery rates will 
be implemented by 2025 and then be increased by 2030 (European 
Commission, 2020).

The draft of the new EU directive puts a focus on recycling to 
enhance the circularity of batteries. Figure  2 presents the 
environmental relevance of recycling scrap batteries. Understanding 
how circular supply chains and recycling affect the environment is 
essential to optimize them. The input to the recycling process 
(Figure  2A) is the EoL traction batteries. These contain a mix of 
battery materials that can be  recovered in different qualities. The 
market of LIBs is characterized by being composed of different cell 
chemistries and geometries. The predominant cell types are expected 
to change throughout the years (International Energy Agency, 2020). 
The cell format as well as the module and pack design can differ 
(Harper et al., 2019). Without recycling, the scrap batteries would go 

into a non-material recovery EoL activity, i.e., landfill or incineration 
(Figure  2B). Recycling therefore decreases or avoids the impact 
coming from these EoL activities (Geyer et al., 2016).

Various recycling processes (Figure  2C) exist that combine 
pyrometallurgical, hydrometallurgical, and mechanical treatment of 
batteries (Sommerville et al., 2021). The processes differ with regard 
to the kind of output materials and the qualities of the recovered 
materials. Further processing of the recoveries is needed to get 
battery-grade materials. This resulting variety leads to high complexity 
in the field of LIB recycling. This motivated the application of life cycle 
assessment (LCA) to evaluate different recycling routes and their 
impacts on the life cycle of the LIB (Gaines et al., 2010; Dunn et al., 
2012, 2016; Ciez and Whitacre, 2019; Cusenza et al., 2019; Abdelbaky 
et al., 2021; Porzio and Scown, 2021).

The recovered materials allow the displacement of virgin material 
and therefore avoid the environmental impacts associated with 
primary material production (Figure 2D; Geyer et al., 2016). They can 
be used either in the production of new traction batteries or in other 
products, depending on their quality (Figure  2E). Especially for 
countries with no or limited access to their own battery-active 
material, such as Germany, recycling makes production less dependent 
on the international supply chains for the battery materials. This is 
especially beneficial, as many metals come with a geopolitical supply 
risk resulting from their geographic concentrations (Olivetti 
et al., 2017).

The environmental relevance of recycling LIBs can be quantified 
using LCA which is at the same time a valuable tool to support 
decision-making, e.g., within technology development. A key factor 
to this is the comparability and transparency of the studies and their 
results. The results are largely influenced by modeling choices—such 
as the allocation of environmental burdens in the multi-functional 
process. Recycling implies the existence of a second life cycle that 
shares the same materials. Therefore, the allocation of the impacts—
especially of the recycling processes—between these product life 

FIGURE 1

Measures of the EU Directive for traction LIBs related to the circularity strategies along the life cycle. On the left, the measures are linked to the life 
cycle stage they focus on. On the right, the timeline for the implementation of the measures is displayed. Based on European Commission (2020).
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cycles becomes necessary (ISO, 2006a,b). Allocation is defined as 
“partitioning the input or output flows of a process or a product 
system between the product system under study and one or more 
other product systems” (ISO, 2006a,b). The allocation procedures are 
defined as part of the scope of a study (ISO, 2006a,b). In general, it has 
to be differentiated between the multi-output allocation which is used 
to account for by-products and the EoL-allocation which is used to 
split impacts and benefits of processes between two or more product 
life cycles. In this study, the focus is on the EoL-allocation. Therefore, 
when referring to allocation procedures and formulas, we  mean 
EoL-allocation.

Little attention has been given to the EoL modeling approaches in 
LCA studies of LIBs. Nordelöf et al. reviewed how the EoL stage is 
modeled in LCA studies of LIBs to investigate methodological 
consistency. They categorized the studies based on two archetypal 
modeling approaches: cutoff and avoided burden. The cutoff approach 
considers no material recovery but possibly secondary material input. 
Avoided burden does consider material recovery but only primary 
material inputs are assumed. In their study, a total of 25 studies were 
analyzed, 19 of them followed the avoided burden and six the cutoff 
approach. Approximately one-third of the studies deviated from the 
defined setups of the methods by including material recovery and 
secondary material input. These deviations mainly occur when 
applying avoided burden. As argued by the authors, the resulting 
hybrid approaches may have led to double counting of the recycling 
benefits and impacts and therefore under- or overestimating the 
potential environmental impacts. In this regard, one important 
finding of this study is that there is a general lack of methodological 
awareness and rigor in EoL modeling (Nordelöf et al., 2019), and 
therefore all modeling choices need to be  well-documented 
and transparent.

Against this background, the influence of stakeholder perspectives 
on the choice of allocation procedures and therefore the environmental 
impacts of LIBs is analyzed. This study is structured as follows: Section 
2 gives an overview and analysis of existing guidelines and frameworks 
for allocation. Based on several different criteria, three allocation 
procedures are selected, further analyzed, and adapted to complex 
product systems such as LIBs. In Section 3, the relevant stakeholders 
are identified, and LCA archetypes are developed based on the 
decision contexts and LCA questions of the stakeholders. The LCA 

archetypes include system boundary, functional unit, and allocation 
procedure. In the case study (Section 4), the defined archetypes are 
tested and applied to two exemplary battery systems. The results are 
presented and discussed with regard to the role of the LCA archetypes 
and the importance of the stakeholder perspective in the LCA and 
transparency in the modeling.

2. Eol allocation in LCA

2.1. Overview of existing guidelines and 
frameworks

The ISO 14040 standard states that the same allocation principles 
apply to multi-output allocation and recycling. Nevertheless, 
additional elaboration is required because of the differences in multi-
output and EoL allocation. Recycling leads to materials and processes 
that are associated with more than one product system. Recycling may 
also influence the inherent properties of the materials in their 
subsequent life cycle. The norm, therefore, defined more specific 
allocation procedures for the EoL. It is differentiated between closed- 
and open-loop recycling. The closed-loop allocation applies to 
product systems where no changes occur in the inherent properties of 
the recycled material. Open-loop allocation is used for product 
systems where the material is recycled into another product system 
and potentially undergoes changes in its inherent properties.

The allocation procedures for shared unit processes are applied 
based on physical properties, economic value, or the number of 
subsequent uses of the recycled material (ISO, 2006a,b). The ISO 
standard only comprises general guidelines to be  flexibly used in 
different contexts. Several more detailed and prescriptive methods and 
guidelines have been developed based on the ISO standards for 
different applications, sectors, and product groups (Allacker 
et al., 2017).

One such guideline is the product environmental footprint 
category rules (PEFCR) for high-specific energy rechargeable batteries 
for mobile applications (Siret et al., 2018). It gives guidance on how to 
conduct a PEF study to ensure they are derived, verified, and presented 
in a harmonized way. It also includes recommendations on allocation 
and the modeling of waste and recycled content. The authors propose 

FIGURE 2

Environmental relevance of recycling of traction batteries based on Cerdas et al. (2018) and Geyer et al. (2016).
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the circular footprint formula (CFF) to model EoL products as well as 
recycled content (Siret et  al., 2018). The CFF accounts for many 
aspects of the different materials in a product’s life cycle including its 
quality, recovery rates, and demand factors based on market 
conditions. Therefore, it requires specific information related to 
individual materials which is difficult to obtain in a complex product 
system such as batteries. One example is the factor for the balance 
between the demand and supply of individual recycled materials 
which is supposed to reflect market realities by giving different weights 
to the recycled content and the recovery rate (Ekvall et al. 2020). The 
PEFCR provides default values for these allocation factors, such as 0.5 
for plastics and 0.2 for metals (Siret et al., 2018). These are not very 
detailed nor are they specific to any particular metal; therefore, it is 
questionable if they can reflect the demand for the battery materials 
which often have very fluctuating prices (U.S. Geological Survey, 
2021). Additionally, the used datasets need to be compliant with the 
PEFCR to apply the CFF. Overall, this limits the applicability of the 
CFF significantly.

Ekvall et al. (2020) attempted to contribute to an international 
harmonization and standardization process in allocation procedures. 
They describe and assess different approaches to model recycling in 
LCA and similar environmental assessments without a specific field 
of application. Twelve methods are analyzed with several criteria. The 
main one is that a good method should create an incentive for 
solutions to reduce the overall environmental impact of product life 
cycles. This is accompanied by different sub-criteria. As a final step, 
they give recommendations on which allocation procedure should 
be used and in which context. Their recommendations are based on 
LCA purposes. It does not include specific allocation procedures to 
be  used in the different contexts but is limited to describing 
(methodological) aspects to consider Ekvall et al., (2020).

Several frameworks have also been proposed that combine 
recommendations on the allocation procedure for multi-output and 
EoL allocation such as by Schrijvers et al. (2020) and Schrijvers et al. 
(2016). Based on the goal of a study, guidelines to use on the allocation 
procedure are provided. They describe cutoff as a specific form of 
partitioning as defined in ISO 14040 for multi-output allocation. This 
means 100% of the inventory is attributed to the life cycle under study 
and 0% to the co-function—the subsequent life cycle. In their opinion, 
it is the only appropriate allocation method for attributional LCA 
(ALCA) (Schrijvers et al., 2016). This contradicts other literature and 
guidelines (Allacker et  al., 2017; Nordelöf et  al., 2019; Ekvall 
et al., 2020).

In an updated framework, Schrijvers et  al. (2016) present 
archetypes of goal and scope definitions to choose the appropriate 
allocation procedure. These archetypes represent the minimum 
amount of information required for this decision in the form of 
research questions (Schrijvers et  al., 2020). They also develop an 
allocation procedure to be used for consequential LCA (CLCA)—the 
market price-based substitution which includes economic values 
(Schrijvers et al., 2016). The proposed formula is quite complex and 
not accompanied by clear documentation, which makes it difficult to 
use. Additionally, the required data are not readily available in the 
context of LIBs. This might lead to results that cannot be reproduced 
(Ekvall et  al., 2020). The approach to combining both types of 
allocations leads to a framework that deviates significantly from what 
is described in other guidelines and from what is practiced in existing 
LCA studies.

2.2. Allocation procedures

Based on the following criteria, three allocation procedures 
were chosen:

 • The formula shall have a life cycle scope, i.e., all life cycle stages 
are included, double counting is avoided, and the symmetry of 
material flows is ensured.

 • The results shall be relevant to decision-makers. The allocation 
method is designed in a way that includes parameters that can 
be influenced by the decisions of the stakeholders, such as the 
recycled content and the recovery rate.

 • The allocation procedures shall be easy to use in terms of having 
a low level of theoretical complexity.

 • All data needed should be readily available from stakeholders 
or databases.

The criteria are adapted from the report of the Swedish Life Cycle 
Center (Ekvall et  al., 2020). Applying these criteria to allocation 
methods described in the literature, guidelines, and publications, 
three methods are selected (Schrijvers et al., 2016; Allacker et al., 
2017; Siret et al., 2018; Nordelöf et al., 2019; Ekvall et al., 2020): i) 
cutoff, ii) avoided burden, and iii) the 50/50 method. All formulas 
were adapted to be more reflective of a complex product system such 
as LIBs, in which different materials can come from primary or 
secondary sources and can be recycled or end up in waste treatment 
in the end (Table 1). Figure 3 shows the system boundaries for the 
three allocation methods. The extent to which the raw material 
extraction and processing, recycling, or waste treatment are included 
in the overall environmental score depends on the share of recycled 
content (R1) and/or the recovery rate (R2). The use phase is not 
considered in the formulas as it is not affected by the choice of 
allocation procedures.

Cutoff is one of the two main archetypal allocation procedures 
used in the EoL modeling of LIBs. The system boundary (see 
Figure  3A) includes raw material extraction and processing for 
primary materials, production, recycling for the number of secondary 
materials used, and disposal of the materials that do not get recycled. 
The impacts of recycling are fully allocated to the product using the 
recycled material with no burdens from recycling operations 
attributed to the upstream product. The LCA includes no process 
beyond the product life cycle. Other names of this procedure are the 
recycled content approach or the 100:0 approach (Allacker et al., 2017; 
Nordelöf et al., 2019; Ekvall et al., 2020).

Avoided burden is the second main archetypal allocation 
procedure and is also known as allocation to material losses, 0:100 
approach, closed-loop approximation, and end-of-life approach. Part 
of the system boundary is the extraction and processing of the raw 
materials that are not recycled after use, the production of the LIB, the 
recycling for the share of the recovery rate, as well as the waste 
treatment of everything that is not getting recycled (see Figure 3B). 
The environmental burdens of recycling are allocated upstream, while 
the benefits are attributed to the product that is getting recycled after 
use. There are also variations of the avoided burden procedure for an 
open-loop approach where the material might have lower quality and 
is used in a completely different context in the second life cycle. These 
interpretations fit more in the context of CLCA (Allacker et al., 2017; 
Nordelöf et al., 2019; Ekvall et al., 2020).
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TABLE 1 The adapted formulas used for estimating the environmental impact based on the different allocation procedures.

Cut-off E R E E R E RMi V Mi P rest
i

Mi R Mi
i

Mi= −( )∗ + + ∗ + −( )∗∑ ∑1 11 1 2, , , , , ,      EE ED Mi D rest
i

, ,  +∑ (1)

Avoided Burden E R E E R E R EMi V Mi P rest
i

Mi R Mi
i

Mi D Mi= −( )∗ + + ∗ + −( )∗ +∑ ∑1 12 2 2, , , , , , , EED rest
i

,∑ (2)

50/50 method E R E E R E RMi V Mi P rest
i

Mi Rin Mi
i

Mi= −( )∗ + + ∗ ∗ + ∗ ∗∑ ∑1 0 5 0 51 1 2, , , , , ,. . EE R E ERout Mi
i

Mi D Mi D rest
i

, , , ,∑ ∑+ −( )∗ +1 2
(3)

E R E R E EMi V Mi
i

Mi V Mi P rest
i

= ∗ −( )∗ + ∗ −( )∗ + + ∗∑ ∑0 5 1 0 5 1 0 51 2. . ., , , , , RR E R E R EMi Rin Mi
i

Mi Rout Mi
i

Mi D Mi1 2 10 5 0 5 1, , , , , ,. .∗ + ∗ ∗ + ∗ −( )∗ +∑ ∑ 00 5 1 2. , , ,

i
Mi D Mi D rest

i
R E E∑ ∑ −( )∗ + (4)

EV,Mi Environmental burdens of virgin production of material i

EP,rest Environmental burdens for production excluding virgin materials considered in EV,Mi

ER,Mi Environmental burdens of recycling of material i

ERin,Mi Environmental burdens of the upstream recycling process of material i

ERout,Mi Environmental burdens of the upstream recycling process of material i

ED,Mi Environmental burdens of the waste disposal of material i

ED,rest Environmental burdens of components and materials that are not (getting) recycled

R1,Mi Share of the recycled material i in the product (recycled content)

R2,Mi Rate of recycling of material i after use in the product (recovery rate)
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The 50/50 method is a hybrid approach for which different 
interpretations exist [see Formula (3) and (4)]. The environmental 
burdens of each recycling process are split between the product 
system supplying recyclable material and the product system where 
the recycled material is used. Some interpretations of the formula 
also split the environmental burdens of virgin material production 
and final disposal between the two product life cycles [Formula (4); 
see Figure 3C]. This method can also be interpreted as closed-loop, 
where the flow is defined as the average of the input and the output 
of recycled material across the boundary of the life cycle. In this 
sense, it is a compromise between avoided burden and allocation to 
virgin material use. It reflects the view that material use requires both 
virgin material production and final disposal. It is assumed that the 
supply and demand of recyclable materials are both necessary for 
recycling to take place (Allacker et al., 2017; Ekvall et al., 2020). In 
this study, we go with the first interpretation of the 50/50 method 
[Formula (3)].

In general, no credits are given but the impacts considered are 
reduced depending on the recycled content and the recovery rate. 
Cutoff and the 50/50 method only consider the impacts for virgin 
production depending on the recycled content assumed in the 
LIB. The primary production impacts are reduced by the amount of 
secondary material used. Avoided burden, in contrast to this, reduces 
the primary production impacts by the amount of material that is 
getting recycled after the use phase. In cutoff, avoided burden, and 
50/50 methods, only the impact of waste treatment for materials that 
do not get recycled after use is considered. Cutoff considers the impact 
of recycling on the amount of recycled content in the battery pack. 
Avoided burden, in contrast to this, includes the impact of recycling 
on what gets recycled after use. The 50/50 method is a combination 
of both.

3. LCA archetypes of stakeholders 
based on their decision context

There is no clear definition of stakeholders in the literature. Many 
definitions are based on Freeman’s work on stakeholder theory which 
defines stakeholders as those who affect or are affected by an action or 
decision. The identification of relevant stakeholders can be  done 
following different approaches—one of them being identified by 
experts or (other) stakeholders (Reed et al., 2009). The stakeholder 
definition in this publication is based on the work of the Circular 
Economy Directive Germany where relevant stakeholder groups in 
the battery life cycle are defined as suppliers and manufacturers, users, 
recyclers, service providers, and regulators (Acatech, Circular 
Economy Initiative Deutschland, & SYSTEMIQ, 2020). From this list, 
only stakeholders who fulfill the following criteria are considered:

 • The stakeholder needs to have an influence on or active role in 
the whole life cycle or parts of the life cycle that are relevant for 
the EoL allocation and/or

 • The measures of the EU battery directive related to the circular 
economy as presented in Figure 1 affect the stakeholder.

This leaves us with three stakeholders: regulators, battery 
manufacturers, and recyclers. For these stakeholders, we analyzed 
their interests and decision contexts from an environmental 
perspective, which lead to different motivations for performing this 
LCA and therefore LCA questions. These different questions are 
reflected in the system boundaries, functional units, and allocation 
methods. In this study, we call these an LCA archetype. In the analysis 
of the LCA questions, the focus lies on aspects that cover the whole 
life cycle of a LIB and not only gate-to-gate life cycle stages.

FIGURE 3

The system boundaries for the different allocation procedures (A) Cutoff, (B) Avoided burden, and (C) 50/50 method. The system boundaries show the 
extent of inclusion in the life cycle. The use phase is excluded from the system boundaries.
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The regulator considers the whole life cycle and has no specific 
focus on one life cycle stage. With the Paris Climate Agreement and 
its goals, to prevent and limit climate change by reducing emissions 
drastically, different directives and legislations were established to 
achieve these. One of them is the already mentioned proposal for the 
new EU Directive for batteries. LCAs can be a powerful tool to assess 
the effectiveness of directives for reaching the Paris Climate Targets 
by quantifying the impact of target numbers. An LCA cannot only 
be used as an evaluation but also as a decision-making tool. It can 
help to evaluate what the target values in new directives should be or 
which (research) topics should be supported with public funding. 
The LCA is also a helpful way to implement Carbon 
Footprint declarations.

For the regulators, two LCA questions were identified based on 
their role in legislation such as the draft of the new EU directive:

 • What is the environmental footprint of the products on 
the market?

 • What effects do the target values of directives such as the EU 
battery directive have on the footprint of the product?

These questions lead to the same LCA archetype. To answer them, 
the system boundary needs to include all life cycle stages from raw 
material extraction and upstream recycling to waste disposal and 
recycling at EoL. Therefore, a battery system with potentially 
secondary material and recycling at EoL is analyzed as the functional 
unit. To be reflective of the secondary material used and the recovery 
rate at EoL, the 50/50 method is the most appropriate approach for 
the allocation.

The focus of the battery manufacturer is on the production as the 
life cycle stage they perform themselves. Nevertheless, they have 
different interests along the other life cycle stages. With the upcoming 
performance classes and thresholds for the CO2 footprint, one of the 
best achievable impacts of their product is to show that they meet 
self- or policy-set targets. Being transparent about the environmental 
impacts will become more and more important in the future—either 
because of arising interest and awareness in society or because the 
Carbon Footprint Declaration will become mandatory soon 
(European Commission, 2020). The LCA can also be used to evaluate 
different sustainability strategies: the battery manufacturer could have 
their focus on using secondary materials or on design for recycling. 
They could aim for closed- or open-loop-recycling or they could use 
battery chemistries that are more sustainable than LIBs. With regard 
to the EU Battery directive, the battery manufacturer is directly 
affected by several of the mentioned regulations—the CO2 footprint 
for batteries, the quotes for the recycled content used in their batteries, 
and because of the extended producer responsibility, they are also 
affected by the collection and recovery rates.

For the battery manufacturer, five LCA questions were identified:

 • Is the product system within the given target values for the 
environmental footprint?

 • Which sustainability strategy is more beneficial for my company?
 • Which recycling technology is more beneficial for my company?
 • How does the product impact change when the amount of 

secondary material (R1) is increased by x%?
 • How does the product impact change when the recovery rate (R2) 

is increased by x%?

These result in quite different LCA archetypes. For the first 
question, it is the same as the regulators’ LCA questions. The system 
boundary should include all life cycle stages from raw material 
extraction and supply of secondary material with upstream recycling 
until the recycling and disposal at EoL. Again, the 50/50 method is 
appropriate to reflect all changes within this system boundary. The 
second and third questions lead to the same LCA archetype since for 
the question of which recycling technology is more beneficial, in the 
context of a whole LIB life cycle also, the sustainability strategy of the 
battery manufacturer is important. For these two questions, a 
comparative LCA with different system boundaries and battery 
systems is necessary to reflect the possible sustainability strategies to 
either focus on secondary material input or the recovery rate or on 
both. The first system boundary for the focus on secondary material 
includes the whole life cycle with raw material extraction and 
upstream recycling until the disposal at EoL. This system is best 
reflected with the cutoff as an allocation method. The second system 
boundary for the focus on the recovery rate covers all life cycle stages 
from the raw material extraction until the disposal and recycling at 
EoL. The appropriate allocation approach for this is the avoided 
burden approach. The third system boundary and allocation method 
are the same as described for the first LCA question of the battery 
manufacturer. The fourth LCA question lays focus on the secondary 
material input. Therefore, the system boundary includes all life cycle 
stages except the recycling at EoL and the cutoff approach fits best as 
the allocation method. For the fifth and last LCA question of the 
battery manufacturer, it is the opposite. The focus lies on the recovery 
rate which is why the upstream recycling is not included in the system 
boundary and the avoided burden approach is used as an 
allocation method.

The role of the recycler is to recover materials from the EoL 
batteries. With the upcoming thresholds for the CO2 footprint, the 
recycler might need to show to the battery manufacturers that their 
recycling technology has lower environmental impacts than others on 
the market and is in line with the requirements on recovered materials 
and recovery rates. Recycling technologies can have quite different 
focuses. The goal can be closed-loop recycling, so only recovering 
materials in battery grade or open-loop recycling. Looking at the draft 
of the new EU directive and its regulations, it is quite obvious that 
recycling companies are affected by the target values for recycling 
efficiencies and material recovery rates. They need to make sure that 
their process complies with these measures.

For the recycler, only one LCA question with a whole life cycle 
focus was identified: Is my recycling technology beneficial compared 
to others? This question also depends on the sustainability strategy of 
the battery manufacturer. Therefore, the same comparative LCA 
archetype as for the second and third questions of the battery 
manufacturer is suggested.

Based on the analysis of the interest and the decision context of 
the three stakeholders, some main links between them were identified 
in the context of circular economy targets as given by the new EU 
Directive for batteries. The regulators design and control the target 
values, which the battery manufacturers have to follow. Consequently, 
they need to prove their alignment with the target values. To achieve 
these, they choose recyclers, which technologies align with the targets 
as well. Throughout the stakeholders, eight LCA questions were 
identified. Because of the links between the stakeholders, some of the 
questions are identical: The regulators and the battery manufacturer 
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both want to quantify the footprint of a product, and the recycler and 
the battery manufacturer both want to evaluate if a recycling 
technology is beneficial. Additionally, the LCA archetypes regarding 
the system boundary, the functional unit, and the allocation method 
are the same for some LCA questions. Differences will appear in the 
design of the rest of the goal and scope definition in the respective 
LCA. For example, question one of the regulators and the battery 
manufacturer investigate one or several products while question two 
of the regulators build up on this by including different scenarios 
which reflect a variation of the target values in regulations. In this way, 
the effects on different product systems can be compared. While the 
focus of the third question of the battery manufacturer is on the 
assessment of the sustainability strategies, the fourth question extends 
the assessment by including different possible recycling technologies. 
The fifth and sixth questions of the battery manufacturer look more 
in detail at one aspect of the comparative LCAs described in the third 
and fourth questions. How these LCA questions overlap and influence 
each other will be  further highlighted in the case study in the 
next section.

4. Case study

In this section, we will do a case study to test the defined LCA 
archetypes and to identify their relevance for the interpretation of 
LCA studies and the decision-making based on their results. The 
following six LCA questions and their described archetypes will 
be included:

 1. What is the environmental footprint of the products on 
the market?

 2. What effects do the target values of directives have on the 
footprint of the product?

 3. Which sustainability strategy is more beneficial?
 4. Which recycling technology is more beneficial?
 5. How does the product impact change when the amount of 

secondary material (R1) is increased by x%?
 6. How does the product impact change when the recovery rate 

(R2) is increased by x%?

In general, the production and the use phase are excluded in this 
case study. We exclude the use phase since it is not the focus of the 

allocation approaches. The production phase is excluded because the 
calculated environmental impacts are not influenced by the allocation 
approach chosen. Building upon the LCA archetype, additional 
aspects will be included in the LCAs. For question one, two different 
recycling routes with different recovered materials will be modeled to 
display the different product systems. For the amount of secondary 
material and the recovery rate, Scenario 1 (Table  2) is used. For 
question two, the assessment of question one is extended with different 
scenarios for the recycled content and the recovery rate. Therefore, 
Scenarios 1 to 3 (Table 2) will be included.

For the third question, which sustainability strategy is more 
beneficial, additional scenarios for the recycled content, and the 
recycling quote were defined. These are matched with different system 
boundaries. For the system boundary with upstream recycling, 
Scenario 4 (Table 2) is evaluated which gives the highest recycled 
content described in the draft of the new EU directive while the 
recovery rate remains at the lowest level given by the draft of the new 
EU directive. For the system boundary with downstream recycling, 
Scenario 2 (Table 2) is chosen which follows the opposite logic of 
Scenario 4. For the system boundary, which includes upstream and 
downstream recycling, Scenario 3 (Table 2) is chosen which provides 
the highest target values for recycled content and recovery rate. For 
the fourth question, these assessments are extended by comparing two 
different recycling routes throughout all scenarios and 
system boundaries.

For question five, the recycled content gets varied while the 
recovery rate remains the same in the assessment. Therefore, Scenarios 
1 and 4 are compared. For question six, only the recovery rate changes, 
and the recycled content stays the same. Hence, Scenarios 1 and 2 
are compared.

4.1. Impact assessment method and life 
cycle inventory modeling

The life cycle impact assessment was done using the ReCiPe 2016 
default characterization models at the midpoint level with the 
Hierarchist perspective used (Huijbregts et al., 2016) because of its 
global applicability and environmental relevance (e.g., relevant 
damages are considered) (Mikosch et  al., 2022). Three impact 
categories are chosen based on the recommendation of the PEFCR and 
their relevance for the stakeholders in the automotive sector: Global 

TABLE 2 The different scenarios considered in the study based on the proposal for the new EU Directive. For manganese, which is not addressed in the 
Directive, the same values as for Cobalt are assumed.

Metal
Scenario 1
Base target 

values

Scenario 2 
Increased 

recovery rates

Scenario 3 
Increased target 

values

Scenario 4
Increased recycled 

content

Recycled content (R1)

Lithium 4% 4% 10% 10%

Nickel 4% 4% 12% 12%

Manganese 12% 12% 20% 20%

Cobalt 12% 12% 20% 20%

Recovery rate (R2)

Lithium 35% 70% 70% 35%

Nickel 90% 95% 95% 90%

Manganese 90% 95% 95% 90%

Cobalt 90% 95% 95% 90%
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Warming Potential (GWP), Fossil Fuel Potential (FFP), and Metal 
Depletion Potential (MDP) (Siret et al., 2018; Mikosch et al., 2022).

The modeling is done using the activity browser and the ecoinvent 
3.7.1 cutoff database is used for the selection of foreground and 
background datasets (Wernet et al., 2016; Steubing et al., 2020). The 
foreground system is primarily based on information available in the 
literature. The geographic scope of the activities modeled in the 
foreground and background systems are non-EU, mostly assuming 
production and recycling to be performed in China. If specific datasets 
are not found, the Rest of the World and Global data sets are used 
accordingly. The SI contains detailed information on the used LCI as 
well as the calculated LCIA.

The battery pack modeled in this study is 23.5 kWh and of NMC 
622 battery chemistry. The cells have a specific energy of 0.168 kWh 
and the mass of each cell is 0.695 kg. The battery pack has 10 modules 
and each of these modules has 14 cells. The total mass of the cells is 
97.24 kg and the overall mass of the battery pack is 136.96 kg (Dai 
et al., 2019a). The information related to the raw materials used in 
active material production is based on Majeau-Bettez et al. (2011). The 
information related to the inactive and other materials of the battery 
pack (such as electronics, casing, and battery management systems) is 
based on information available in the literature (Ellingsen et al., 2014; 
Dunn et al., 2016; Cerdas et al., 2018; Kelly et al., 2019; Schmidt et al., 
2019; Dai et al., 2019b; Mohr et al., 2020).

The recycling routes start with a manual disassembly and 
dismantling step. Therefore, no environmental burdens are associated 
with this step. After the disassembly and dismantling, the spent 
batteries either go to the pyrometallurgy- or hydrometallurgy-based 
recycling route. The material and energy consumption of both these 
routes is based on the process chain provided by Dai et al. (2019a). The 
fractions of the battery pack that do not get recycled, get either 
incinerated or landfilled. The share of used batteries ending up in 
either is assumed to be 50%.

The first recycling route considered is the pyrometallurgy route. 
The spent batteries are sent to a smelter, where the plastic and 
electrolyte fractions are burned off to provide heat. The gasses 
generated in the smelter are treated in the off-gas treatment to remove 
any toxic substances. The carbon in the graphite and the aluminum 
are oxidized and act as a reductant in the smelter. After the smelting 
process, the cobalt, nickel, copper, and iron end up in the matte, while 
the rest of the components, including lithium, end up as slag. The 
matte is then further processed by acid leaching and solvent extraction 
followed by a precipitation step to recover the required metal 
compounds. The water generated in the above-mentioned process 
steps is sent to a wastewater treatment facility (Dai et al., 2019a).

The second recycling route is hydrometallurgical. The spent 
batteries are shredded followed by a low-temperature calcination 
process to remove the binder and electrolyte. The gases generated in 
this step are treated to remove any toxic substances and prevent their 
release into the atmosphere. The further steps involve several 
physical and chemical separation processes. The physical separation 
processes are used to recover the aluminum, copper, steel, and 
plastic components. The chemical processes such as leaching, solvent 
extraction, and precipitation are used to recover the cobalt, nickel, 
and manganese compounds. The water generated in the 
abovementioned process is sent to a wastewater treatment facility 
(Dai et al., 2019a).

The hydrometallurgical route recovers graphite, lithium, cobalt, 
nickel, manganese, copper, steel, aluminum, plastics, electrolyte salts, 

and solvents with different recycling efficiencies. The pyrometallurgical 
route recovers only cobalt, nickel, copper, and steel (Dai et al., 2019a). 
This alone would not meet the future standards of the draft of the new 
EU directive since Lithium is not getting recovered (European 
Commission, 2020). Nevertheless, it is included in this case study to 
have a comparison of different recycling technologies.

In the upgradation, the metal ions recovered in the recycling 
routes are converted to metal sulfates. The material requirements 
needed for the conversion processes are based on stoichiometric 
values and assume complete conversion. These conversion processes 
require water and sulfuric acid.

5. Results

In the following section, the results for each of the LCA questions 
described in the case studies in section 4 will be described. Figures 4–6 
present the results of the case study. Figure 4 shows the GWP results 
for all six LCA questions, Figure 5 the FFP results, and Figure 6 the 
MDP results.

5.1. Q1: What is the environmental 
footprint of the products on the market?

For the first LCA question, we assumed that the two compared 
product systems are identical except for the recycling technology used. 
For GWP and FFP, the product system with the pyrometallurgical 
recycling route has lower environmental impacts. For MDP, the 
product system with the hydrometallurgical route has lower 
environmental impacts. The virgin material extraction and processing 
is the highest contributor to the environmental impacts for FFP and 
MDP. For MDP, the impacts from recycling and waste treatment only 
hold a very small share compared to virgin materials.

5.2. Q2: What effects do the target values 
of directives have on the footprint of the 
product?

As described in Section 4, the second LCA question extends the 
assessment in the first question by including variations of the recycled 
content and the recovery rate for both product systems. With an 
increase in the recovery rate (from scenario 1 to scenario 2), the 
impacts for the virgin material extraction and processing stay the 
same since the impacts from the raw materials stage depend solely on 
the recycled content in the 50/50 method. The recycling impacts 
increase with the recovery rate since more material is recycled. 
Consequently, the impacts of the waste treatment decrease since less 
material goes to waste. Overall, the impacts increase slightly in FFP 
and MDP with an increased recovery rate while they decrease for 
GWP. When more recycled content is used in the battery (from 
scenario 2 to scenario 3), the impacts for the raw material stage 
decrease. At the same time, the recycling impacts increase since more 
material is recycled upstream. The waste impacts do not change, since 
the downstream recovery rate is not varied. From scenario 1 to 
scenario 3, the recycled content and the recovery rate increase. As a 
consequence, the impacts of the extraction and processing of virgin 
materials decrease while the recycling impacts for upstream and 
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downstream increase. The waste impacts decrease. Overall, the GWP, 
the FFP, and the MDP for both product systems decrease.

5.3. Q3: Which sustainability strategy is 
more beneficial?

This LCA questions deals with the topic of sustainability strategies: 
within the requirements of the legislation such as the draft of the new 

EU Directive and availability on the market—is it more beneficial for 
a company to focus on the use of secondary material or the recycling 
at the EoL. Therefore, a comparative LCA of different product systems 
with matching system boundaries and allocation methods was 
performed where each product system is reflective of another 
sustainability strategy. For all impact categories, the lowest impacts are 
calculated with a focus on recycling and the avoided burden approach. 
Especially, for MDP, the impacts are significantly lower than for the 
other two sustainability strategies. A focus on recycled content and 

FIGURE 4

LCA results for GWP through all studied questions. The raw material extraction and processing are shown in blue, the recycling in pink, and the waste 
treatment in orange.
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recovery rate and therefore the 50/50 method as an allocation 
procedure leads to the highest impacts in all three impact categories. 
The benefit of the focus on recycling instead of secondary material 
depends on the ratio between the recycled content and the recovery 
rate. The draft of the new EU directive suggests a recovery rate higher 
than the amount of recycled content. The closer these values are 
together, the smaller the gap becomes between the results for cutoff 
and avoided burden assuming that the recycling impacts upstream 
and downstream are the same.

5.4. Q4: Which recycling technology is 
more beneficial?

The question of which recycling technology is more beneficial is 
an extension of the comparative LCA in question 3: Two different 
recycling technologies are assessed in a comparative LCA with the 
three different allocation procedures and their respective system 
boundaries. It differs whether the recycling technology or the 
sustainability strategy under assessment has a more significant 

FIGURE 5

LCA results for FFP through all studied questions. The raw material extraction and processing are shown in blue, the recycling in pink, and the waste 
treatment in orange.
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influence on the results. For GWP, the sustainability strategy is the 
significant influencing factor. For FFP and MDP, it is the recycling 
technology. Avoided burden gives consistently among the lowest 
values for both recycling technologies. The focus on recycling at EoL 
seems to be the most beneficial sustainability strategy again for both 
recycling routes. Focusing on secondary material inputs and 
recycling often has the highest impact. Which recycling route is 

more beneficial depends not only on the sustainability strategy but 
also on the impact category. A general answer to this question is 
therefore difficult to find. It should be  noted again that the 
pyrometallurgical route would not meet the requirements of the new 
EU battery directive since lithium is not recovered. The results for 
two recycling technologies in line with the directive might give 
clearer results.

FIGURE 6

LCA results for MDP through all studied questions. The raw material extraction and processing are shown in blue, the recycling in pink, and the waste 
treatment in orange.
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5.5. Q5: How does the product impact 
change when the amount of secondary 
material is increased by x%?

To answer the fifth LCA question, an increase in the secondary 
material amount for one recycling route using the cutoff approach is 
evaluated. For all impact categories analyzed, the impacts for virgin 
material production decrease while the recycling impacts increase 
since more primary material is replaced by secondary material. As a 
consequence, more upstream recycling is included. Overall, the 
impacts for all impact categories decrease.

5.6. Q6: How does the product impact 
change when the recovery rate is increased 
by x%?

For the sixth LCA question, an increase in the recovery rate for 
one recycling route using the avoided burden approach is assessed. For 
all impact categories, the impacts for virgin material production 
decrease while the recycling impacts increase, since more material is 
recycled downstream. Overall, the impacts decrease in all 
impact categories.

6. Discussion

This study aimed to assess the influence of stakeholder 
perspectives on the environmental impacts of LIBs. We  focus the 
discussion on the implications of the results for future implementation, 
documentation, and standardization of LCA. Stakeholder LCA 
archetypes, which address the typical LCA questions with appropriate 
system boundaries, allocation procedures, and scenarios were defined. 
The first question to evaluate is whether the LCA archetypes worked 
in the case study to answer the respective questions. In general, the 
results for the case study show a variation based on the specific 
scenarios designed which provide the answer to the question. In the 
six questions of the case study, the same two product systems are 
evaluated considering different points of view and therefore system 
boundaries. The difference in the product systems is solely in the 
recycling technology. Other technological as well as spatial or 
temporal variabilities are not considered. From all these questions, the 
results for GWP, FFP, and MDP vary significantly. This highlights why 
the specific goal and scope of an LCA have a significant influence on 
the results. Within the same LCA question, the variation overall is 
rather small. The compared scenarios in questions 3 and 4 show a 
higher variance than those of the other questions. This can 
be explained by the fact that in questions 3 and 4, different system 
boundaries and allocation methods are integrated into the assessment. 
Nevertheless, a variation can be seen every time. Choosing system 
boundaries that do not match the focus of your goal and scope would 
lead to results that are unable to provide the answers searched for. The 
results of the case study also highlight that burden shifting is a topic 
to be addressed. The contribution analysis shows shifts in the impacts 
of the life cycle stages which the overall results do not reflect in the 
same magnitude of order since they compensate each other partially. 
Additionally, the results also highlight that different impact categories 
should be considered to avoid burden shifting in this area.

Looking at the results of the case study, avoided burden mostly 
leads to the lowest environmental impacts for the product system. This 
is because the recovery rates demanded by the EU battery directive are 
higher than the share of secondary material. If this ratio would change, 
cutoff could be favorable in terms of the lowest environmental impacts 
allocated to the product system. The estimation of the recovery rates 
and the secondary material share is essential for the allocation 
procedures and brings potential uncertainty to the results. The results 
of questions 5 and 6 quantify the influence of changing the secondary 
material share or the recycling rate. In both cases, the influence on the 
results is less than 6%. However, we used the target values of the new 
EU Directive for our calculations, which limits the uncertainty since 
these are the minimum requirements to fulfill. Because these are 
already quite ambitious, it is unlikely that they will be  exceeded 
significantly in the coming years (RECHARGE, 2021; Hoarau and 
Lorang, 2022). Additionally, a shift in the ratio between recycling rates 
and secondary material shares is very unlikely in the future since the 
supply of secondary material is unable to fulfill the demand in the 
production for most of the battery-active materials (Neidhardt et al., 
2022). From a technological perspective, the use of avoided burden 
might be  questionable. To calculate the life cycle impacts of this 
allocation approach, it is necessary to consider the recycling at the EoL 
of the battery. Since batteries have a lifetime of at least several years, it 
is difficult to foresee how they will be recycled at that time. Especially 
right now, where recycling is still a highly researched field. More 
effective and efficient recycling technologies would influence the 
allocated life cycle impacts. The cutoff method on the other hand is 
quite easy to implement since only upstream recycling is considered. 
Therefore, this information can be tracked along the value chain of 
the OEM.

Solely looking at the results of the case study, the 50/50 method is 
not attractive to be implemented since the allocated impacts are often 
quite high. Additionally, the 50/50 method faces the same challenges 
considering recycling at the EoL which were identified for the avoided 
burden approach. Nevertheless, the 50/50 method is quite attractive 
for a standardized approach from a methodological perspective since 
it is the only approach whose system boundaries capture the effects of 
secondary material share and the recovery rate. Therefore, it is linked 
to the most holistic sustainability strategy and also the only approach 
that captures all target values of the new EU Battery directive in its 
system boundary. Assuming the LCA approach, in general, and EoL 
allocation, in particular, will be  standardized in future, the 50/50 
method would be  the best choice of the three commonly used 
allocation approaches, which is presented in the study since its system 
boundary is the broadest and matches, therefore, the different 
sustainability strategies.

7. Conclusion

The life cycle of a LIB was analyzed and three main stakeholders 
with a focus on circularity were identified: regulators, battery 
manufacturers, and recyclers. It was discussed what their main 
interests are and how they are affected by regulations such as the draft 
of the new EU directive. A very relevant part is giving the 
environmental footprint of products and processes.

In the context of a circular economy, the LCA of a LIB life cycle 
becomes especially challenging with regard to the allocation of 
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impacts from the recycling phase. The state of the art on existing 
guidelines does not provide widely accepted standards for the field of 
batteries. Based on a couple of criteria, three allocation procedures 
were chosen and adapted to be reflective of complex products such as 
LIBs with different secondary material quotes and recovery rates for 
different materials.

Based on the stakeholder analysis and their identified interests, 
possible stakeholder questions for the LCA were defined. For each 
LCA question, the goal and scope were designed. This includes the 
functional unit, the system boundary, and a matching allocation 
procedure. These archetypes are applied and tested in a case study. The 
results highlight a couple of things: first of all, the archetypes achieve 
to answer the respective LCA questions. Second, the results show the 
significance of the influence of the system boundary and 
allocation approach.

The avoided burden approach often leads to the lowest 
environmental impacts. However, the application of avoided burden 
comes with the challenge of the big time delay between production 
and recycling. Therefore, it is difficult to estimate the recycling impacts 
of a battery at the moment it enters the market. The cutoff approach 
is very easy to implement. Since only upstream recycling is included 
in the system boundary, all data can be tracked along the value chain 
before the battery enters the market. The 50/50 method has the 
broadest system boundary. This is an advantage since it can display the 
effects of all sustainability strategies and target values of the EU 
battery directive.

In summary, the study highlighted the relevance of 
considering LCA archetypes in the assessment of LIBs for the 
proper interpretation of results and decision-making support 
based on two product system life cycles. This is also supported by 
the findings of a similar study focusing solely on the influence of 
EoL allocation without the stakeholder perspective (Du et al., 
2022). Future work should apply the LCA archetypes to other 
product system life cycles to underline their significance further. 
Transparent documentation of the archetypes is important as 
long as there are no widely accepted guidelines for the LCA of 
LIBs with a special focus on the EoL allocation. The archetypes 
could also be extended with more methodological aspects. This 
study focused on system boundaries, functional units, and EoL 
allocation. However, there are more methodological aspects to 
consider—for example, the multi-output allocation, which is a 
significant topic when it comes to recycling processes. With the 
implementation of the measures of the EU battery directive, a 
standardized LCA approach becomes even more significant for 
comparable results in the CO2 footprint of all batteries on the 
European market.
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