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The growing demand for lithium-ion batteries (LIB) leads to an increasing
importance of battery recycling. Given the scarcity of resources, effective
material recovery is essential for the sustainable production of batteries.
Therefore, understanding the environmental impacts of different recycling
approaches is crucial. This review is the first to provide a comparative
analysis of the environmental impacts across various impact categories
for both pyro- and hydrometallurgical recycling processes of nickel-cobalt-
manganese (NMC) batteries, including consideration of different data sources
and their influence on the results. For global warming potential (GWP),
hydrometallurgical recycling achieves an average reduction of - 25.5 kg
CO2eq kWh, corresponding to a 39% decrease in emissions from battery cell
production. In comparison, combined pyro- and hydrometallurgical recycling
reduces emissions by 27%. Additionally, the hydrometallurgical method
demonstrates greater sustainability in terms of cumulative energy demand
(CED), lowering the energy required for battery cell production by nearly 17%.
Other environmental categories besides GWP and CED receive significantly
less attention in the literature, although the benefits are often more significant.
To guide future research, we present three key recommendations for further
exploring the environmental impacts of battery recycling.
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Driven by growing interest in electric vehicles, portable
electronics, and renewable energy storage systems, global
annual demand for lithium-ion batteries (LIB) exceeded
T TWh for the first time in 2023 and is expected to reach
around 3 TWh by 2030 (Burklin et al., 2022; Hettesheimer
et al, 2023). At the same time, recycling of used LIBs

is increasingly crucial, as improper disposal will cause
environmental and safety problems threatening the
ecological environment and human health (Islam and lyer-
Raniga, 2022; Zhenghe et al,, 2022). Also, recycling helps
to preserve critical materials, such as lithium, cobalt, nickel
and manganese, which can contribute to a reduction of
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the environmental impact associated with battery cell
production (Islam and lyer-Raniga, 2022). On the other hand,
recycling of LIBs involves complex processes that require
substantial energy and chemical inputs, leading to questions
about the overall net environmental benefits of the different
recycling methods (Kim et al., 2021; Mohr et al., 2020).
Currently, three main recycling methods are used for LIBs:
pyrometallurgical, hydrometallurgical and direct recycling
(He et al,, 2024). While hydrometallurgy and pyrometallurgy
are already employed on industrial scale, direct recycling
processes are at lower technological readiness (Davis and
Demopoulos, 2023; van Hoof et al., 2023; Xu et al.,, 2023).
In pyrometallurgical recycling, high-temperature processes
are used to recover valuable metals from spent LIBs. The
process is energy-intensive, can cause harmful emissions,
and valuable metals, such as lithium, are not recovered
(Gaines, 2014; van Hoof et al,, 2023). The hydrometallurgical
process involves the use of chemical reagents for the
dissolution of valuable metals in aqueous solutions (Wang
et al,, 2022). This allows manganese and graphite, among
other materials, to be recovered (Briickner et al., 2020). Direct
recycling separates different battery active substances
through physical processes, such as gravity separation
and flotation (Jung et al, 2021). The principal distinction
between direct recycling and pyro- and hydrometallurgical
processes is that direct recycling preserves the crystalline
morphology of the cathode (Gaines, 2018).

Apart from economic aspects, which historically have
represented a central element in the evaluation of
general waste treatment processes, the assessment of
environmental impacts has been incorporated into decision-
making. Several companies have announced the ramp-
up of new recycling capacity, designed to treat different
battery chemistries (Blrklin et al., 2022). Here, a sound
understanding of the environmental impacts associated
with different recycling approaches is key. Previous work
has provided some insight into the environmental impacts
of different recycling approaches (Lai et al., 2022; Li et
al., 2023; Mohr et al,, 2020). However, previous work falls
short of providing a detailed comparison between different
sources of primary data and its impact on the robustness
of results. By presenting an up-to-date critical review about
environmental impacts of battery recycling, we support
industry and policy-makers in shaping their recycling
strategies while also providing guidance for future research
on battery recycling with low environmental impacts. LIBs
with either lithium-iron phosphate (LFP) or lithium nickel
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cobalt manganese oxide (NMC) account for most of today's
battery production volumes (Hettesheimer et al., 2023). Due
to a generally higher cycling stability of LFP batteries, it is
reasonable to assume that, at first, significant volumes of
NMC batteries will have to be treated at end-of-life (EoL).
Thus, in the present review we focus on different recycling
strategies for NMC batteries.

The structure of the review is as follows: Section two provides
technical background on different recycling processes. Due
to the aforementioned drawbacks of pyrometallurgical
recycling and the lower technological maturity of direct
recycling, we focus here on hydrometallurgical and combined
pyro- and hydrometallurgical recycling approaches. Next, in
section three, we present publications that have conducted
(LCA) for battery recycling.
Differences in data sources, system boundaries and
technical battery parameters are addressed. Results from

life cycle assessments

different publications are compared in section four, and
possible explanations for variability critically analyzed. In
addition, we develop an overview of blank spots in literature
which could be subject of future research and provide
recommendations to improve the consistency of LCAs for
battery recycling.

2 Technical background for
hydrometallurgy and combined
pyro- and hydrometallurgy

Before NMC batteries are treated by pyro- and
hydrometallurgical recycling, the battery packs must first
be removed from the application, collected and dismantled
(Slattery et al., 2021). The dismantling process is usually
carried out manually or semi-automatically (Rajaeifar et al.,
2021). Subsequently, the non-cellular material is shredded
and further treated to recover aluminium, copper and steel
(Accardo et al, 2021; van Hoof et al,, 2023). In contrast,
the battery cells are discharged and submitted to pyro-
and hydrometallurgical recycling processes. The system
boundary of our study with different treatment routes is
shown in Fig. 1.

The hydrometallurgical recycling of LIBs is a widely adopted
method in the industry and describes the use of aqueous
solutions to recover valuable metals from spent batteries
(Wang et al,, 2022). This process comprises a number of
key stages, including mechanical pre-treatment, leaching,
purification and separation (Chenetal., 2019; Liuetal,, 2019).
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The pre-treatment involves crushing and sieving of the
batteries to produce the black mass, which contains valuable
metals such as lithium, nickel, cobalt and manganese (Lee
etal., 2024). Effective pre-treatment not only improves metal
recovery rates, it also reduces environmental impact by
minimizing the need for aggressive chemicals and energy
during the leaching process (Li et al, 2018). Leaching
represents a critical stage in the hydrometallurgical recycling
process for LIBs, wherein valuable metals are extracted from
the pre-treated battery materials through the use of acidic
solutions. Widely used leaching agents include sulphuric
acid, hydrochloric acid and nitric acid, often supplemented
with hydrogen peroxide to increase metal recovery (Zeng et
al, 2014). Ongoing research focuses on developing more
environmentally friendly leaching agents to further reduce
the ecological footprint (Milian et al., 2024). After leaching,
the dissolved metals are purified and separated using
techniques such as solvent extraction, ion exchange and
selective precipitation. These processes ensure the recovery
of high-purity lithium, nickel, cobalt and manganese suitable
for reuse in new batteries (Chen et al., 2019; Li et al., 2013).
Hydrometallurgical recycling of LIBs offers several key
benefits. The most significant advantages of this process
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include low energy consumption, high recovery purity and
a high extraction rate (Hua et al, 2020). Conversely, this
recycling method faces the challenges of complex processes
and long processing times. Furthermore, the consumption
of expensive reducing agents and a considerable quantity
of acids and alkalis results in the generation of highly saline
organic wastewater (Hua et al,, 2020; Yang et al., 2022).

The pyro- and hydrometallurgical treatment also includes
the steps pyrolysis and smelting before hydrometallurgical
treatment (Briickner et al,, 2020; Rajaeifar et al., 2021). These
sub-steps offer the advantage of increased throughput
with a reduction in plant size and the removal of organic
components. In addition, the technology is highly mature
and suitable for the initial recovery of alloys by reduction
and smelting (Yao et al., 2018). Subsequently, high-purity
individual metals and compounds can be obtained through
hydrometallurgical treatment. However, high energy
consumption, additional processing of the intermediate
products and the need for waste gas treatment are required.
Despite these challenges, the combined approach remains
a promising method for large-scale battery recycling,
offering both efficiency and scalability (Brlickner et al., 2020;

Windisch-Kern et al., 2022).
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Figure 1: System boundary of this study.

3 Identified literature

Thekeyword-based search strategy applied inthis review was
conducted in Scopus and identified a total of 379 potentially
relevant publications.! After reviewing the abstracts, a total
of 64 potentially relevant studies were identified. These 64
studies were analyzed in detail for their relevance to the
topic. Possible reasons for exclusion included consideration

of a different cell chemistry (n=19), limited detailed LCA
(n=13) or different recycling technology (n=8). Finally, 24
studies remained relevant to the environmental assessment
of pyro- and hydrometallurgical recycling of NMC batteries.
The results of the literature review are presented in Table 1.

" Keywords used: (batter* OR lithium-ion) AND (LCA OR Life Cycle Assessment) AND (Recycling OR Recover OR Circular); Field of search:

Titel, abstract, keywords; Focus: January 2019 — August 2024
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Table 1: Life cycle assessments of pyro- and hydrometallurgical recycling of lithium-ion based NMC Batteries.

No.

Name, Year

Functional Unit

Background
Data, Impact Assessment
Method

Energy density

Chemistry

1 Cusenza et al, 2019 | 11.4 kWh Pack | PEF, 65 Wh/kg NMC* Europe
Ecoinvent 3
2 Ciez and Whitacre, 1 kg Cell Ecoinvent, 270 Wh/kg NMC* USA
2019 GREET
3 Zhu and Chen, 2020 | 1 kWh Pack Ecoinvent, n/a NMC 622* | China, USA
GREET
4 | Tao and You, 2020 1 kWh Pack ReCiPe, 181 Wh/kg NMC 622* | n/a
Ecoinvent V3.6, GREET
Mohr et al., 2020 T kWh Pack ILCD midpoint, Ecoinvent 3.4 | 105 Wh/kg NMC 811* | Europe
Sun et al,, 2020 1 kWh Pack CML-IA baseline V3.02, 115 Wh/kg NMC 622 | China
Ecoinvent 3.0, GREET 2018
Xiong et al., 2020 1 kg Cell EverBatt 164.37 Wh/kg | NMC 111 | China
Accardo et al., 2021 1 kWh Pack CML baseline, Ecoinvent 3.6 | 213 Wh/kg NMC 111, | China,
NMC 622, | Europe
NMC 811
9 Rajaeifar et al., 2021 | 1 kg Cell Ecoinvent 150 Wh/kg NMC 111* | China
10 | Jiang et al.,, 2022 1 ton Pack CML, n/a NMC 111 | United
Ecoinvent V3.6 Kingdom
11 | Chenetal, 2022 1 kWh Pack n/a 228 Wh/kg NMC 811 | China
12 | Kallitsis et al,, 2022 | 1 kWh Pack Ecoinvent 105 Wh/kg NMC 111 | China
13 | Fengetal, 2022 T kWh ReCiPe 2016 Midpoint 120 Wh/kg NMC* China
14 | Castro et al,, 2022 569 g Cell ReCiPe 2016 v1.1 Midpoint, 65,2 Wh/kg NMC Europe
Ecoinvent v3.6
15 | Quanetal, 2022 1 kWh Pack CML2001, Ecoinvent, GREET | 142.4 Wh/kg NMC* China
16 | Wang et al,, 2022 1 kWh Pack ReCiPe, n/a NMC* China
GREET
17 | Blomeke et al., 2022 | 95 kWh Pack Ecoinvent 3.8 n/a NMC 622 | Germany
18 | Rosenbergetal, 1 kg Pack CML200T, 142 Wh/kg NMC 111, | Germany
2023 GaBi Professional Database NMC 811
19 [Wuetal, 2023 1T kWh EDIP 2003, CML IA-baseline, [ n/a NMC 811 | China
ReCiPe 2016, Ecoinvent3,
PCF Database
20 | Gutsch and Leker, 1 kWh Cell PEF 3.0, 281 Wh/kg NMC 811 | USA
2023 ReCiPe 2016,
Ecoinvent 3.8
21 | Hauptetal, 2023 1kg CML 4.8 2016, Ecoinvent n/a NMC 622 [ n/a
22 | Yangetal, 2024 1kg PEF 3.0 n/a NMC* China
23 | Gongetal, 2024 1T kWh ReCiPe 2016, Ecoinvent 3.8 163 Wh/kg NMC 811* | China
24 | Alietal, 2024 42.2 kWh Pack | Ecoinvent 3.8 n/a NMC 622 | Europe

*QOther cell chemistries are analysed in addition.
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LCA has become a widely used method for evaluating the
environmental impact of industrial products and complex
systems (Dong et al, 2021; Guinee J. B, 2001). The
procedure for a LCA is described in standardized form in ISO
14040/44 (International Organization for Standardization,
2009). Accordingly, an LCA consists of four parts: 1. goal
& scope definition, 2. life cycle inventory (LCI), 3. life cycle
impact assessment (LCIA) and 4. Interpretation. In the initial
phase, the system boundaries and functional unit are defined
(Unterreiner et al., 2016). For this study, we defined the grave-
to-cradle approach as system boundary to examine the
ecological effects of pyro- and hydrometallurgical recycling.
Thus, the entire recycling process, including collection,
dismantling, discharging, pyro- and hydrometallurgical
treatment is considered. In the LCI phase, data are gathered
and evaluated to ensure their accuracy, completeness, and
consistency for subsequent use in impact assessments
(Hauschild et al., 2018). During the LCIA step, inventory data
are translated into indicators for environmental impacts
categories using an impact assessment methodology
(International Organization for Standardization, 2009). In this
context, midpoint and endpoint characterization models are
basically two different approaches. The midpoint approach
treats environmental impacts in a problem-oriented manner
and the endpoint approach in a damage-oriented manner
(Dong et al., 2021). In this paper, we have focused on studies
that use the midpoint approach to better understand the
causes of environmental impacts. As shown in Table 2, 17
of the 24 relevant studies used ReCiPe (Huijbregts et al.,
2017) or CML (Guinee, 2002) at midpoint level as impact
assessment method.

Primary data are included in 11 of the 24 relevant studies
(Blomeke et al., 2022; Cusenza et al,, 2019; Feng et al., 2022;
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Hauptetal, 2023; Jiang et al., 2022; Kallitsis et al., 2022; Mohr
et al., 2020; Rajaeifar et al., 2021; Sun et al,, 2020; Yang et
al., 2024; Zhu and Chen, 2020). Among these eleven studies,
five LCAs are based exclusively on primary data (Blomeke
et al, 2022; Haupt et al., 2023; Jiang et al,, 2022; Yang et
al., 2024; Zhu and Chen, 2020). Consequently, the remaining
13 studies rely on secondary data (Accardo et al., 2021; Ali
et al., 2023; Castro et al., 2022; Chen et al., 2022; Ciez and
Whitacre, 2019; Dai et al., 2019b; Gong et al., 2024; Gutsch
and Leker, 2024; Quan et al., 2022; Rosenberg et al., 2023;
Taoand You, 2020; Wang et al., 2022; Wu et al., 2023; Xiong et
al., 2020). These findings are consistent with those of Bauer
(Bauer et al., 2022) which further addressed the imbalance
between primary and secondary data studies (Aichberger
and Jungmeier, 2020; Degen and Schiitte, 2022; Ellingsen
et al,, 2017; Peters et al,, 2017). However, the proportion
of studies that only use primary data is slightly higher for
recycling (21%) than for battery cell production (12%) (Degen
and Schiitte, 2022). Looking at the links between the studies
in Fig. 2, it is noticeable that the studies by Mohr (Mohr et al.,
2020) and Dai (Dai et al., 2019b) are central in the literature.
Mohr conducted a study based on primary and secondary
data, as well as the Ecoinvent database. In contrast, the
EverBatt model of Dai relied on secondary data and the
Greenhouse gases, Regulated Emissions, and Energy use in
Technologies (GREET) model (Argonne National Laboratory,
2018a, 2018b). The GREET model is from Argonne National
Laboratory (ANL), providing researchers with great access
to primary data on the production and EolL treatment of
LIBs (Benavides et al., 2015; Dunn et al., 2015b; Wang et
al., 2023). Approximately 45% of the relevant studies refer
directly or indirectly through other studies to data from the
EverBatt model of Dai et al. (see Fig. 2).
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Figure 2: Relationships between LCA studies.

4 Results

To ensure the comparability of the reported results, the
functional unit was set to 1 kWh battery pack. When data for
the pack level were not available, the analysis was conducted
at cell level. Studies where the functional unit differed from 1
kWh of battery capacity were adjusted based on the specific
energy density.

4.1 Global Warming Potential

Global warming potential (GWP) is the most frequently
investigated impact category for LCA in the field of battery
cell production and reflects the influence on climate change
by kg CO2 to air (Huijbregts et al., 2017; Peters et al., 2017).
While 67% of the studies about battery cell production have
assessed GWP (Peters et al, 2017), all considered studies
on recycling have examined it. The total GWP impact is the
sum of the GWP recycling credit and GWP recycling burden
(see equation 1).

WPt = ) GWPreaic,GWPpuraen (1)

It was found that the GWP burden in all studies ranges for the
hydrometallurgical treatment between 2.7 and 34.0 kg CO2eq
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kWh-1. For combined pyro-and hydrometallurgical treatment
emissions are between 5.1 and 15.8 kg CO2eq kWh™ (see
Fig. 3). The discrepancies in the literature can be primarily
attributed to variations in the content of nickel, manganese,
and cobalt, as well as different production locations, since
greenhouse gas (GHG) emissions resulting from a similar
recycling process in China are higher than those observed
in most European countries or the US (Xiong et al., 2020).
Furthermore, studies based on the same primary data show
consistent results (Chen et al., 2022; Gong et al., 2024; Mohr
etal,,2020; Sun et al,, 2020; Wu et al,, 2023). This emphasizes
the importance of collecting new primary data to gain new
insights. With respect to GWP credit and GWP total impact,
the study of Kallitsis (Kallitsis et al.,, 2022) differs from the
remaining studies. This can in part be explained by the
functional unit being set at pack level, allowing greater GWP
benefits to be achieved through aluminum, copper and steel
recovery (Kallitsis et al,, 2022). If we compare the results
of Mohr and Kallitsis, it is noticeable that the values for
burden, credit and total from Mohr are only 53% of Kallitsis
results. As the Mohr study was also conducted at the pack
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level, this alone cannot explain the discrepancies in the
results. Another explanation would be that Kallitsis study
was conducted in China, where the GWP benefits from the
recovered materials are the highest, as production is related
to high CO2 emissions (Kallitsis et al., 2022). However, these
criteria were also applied in the studies by Sun (Sun et al,
2020) and Accardo (Accardo et al., 2021). One distinguishing
characteristic is that the study by Kallitsis collected primary
data from the industry in addition to secondary data. This
indicates that the recycling process analysed was already
further advanced, which also underlines the importance of
collecting primary data.

The average burden of the examined studies for recycling
of T kWh NMC battery with hydrometallurgical treatment is
9.5 kg CO2eq and for combined pyro- and hydrometallurgical
treatment 11.9 kg CO2eq. In comparison, the production of
T kWh NMC 811 battery releases 64.5 kg CO2eq (Gutsch
and Leker, 2024). Thus, the CO2 emissions from recycling
are about 15-19% of battery cell production. In the studies
reviewed, the average total CO2 emissions associated with
hydrometallurgical recycling are - 25.5 kg CO2eq kWh™. In

Vol.22, Iss.1, February 2025
URN: urn:nbn:de:hbz:6-43998534359
DOI:10.17879/43998523309

comparison, the average total CO2 emissions associated
with combined pyro- and hydrometallurgical recycling are
-17.5 kg CO2eq kWh™. This indicates that combined pyro-
and hydrometallurgical recycling can reduce the GWP of
battery cell production by 27%. Hydrometallurgical recycling
can result in a reduction of GWP associated with battery
cell production by 39%. By comparing the results of the
hydrometallurgical approach with those of the combined
pyrometallurgical and hydrometallurgical approach, it
becomes evident that the studies conducted by Kallitsis
(Kallitsis et al., 2022), Chen (Chen et al., 2022), Wu (Wu et al.,
2023) and Yang (Yang et al.,, 2024) are particularly suitable
for comparison, since both approaches were investigated
under identical conditions. The slight differences in the
average values for burden and total can also be observed
here. Additionally, the study by Accardo (Accardo et al., 2021)
in the context of the combined pyro- and hydrometallurgical
approach is unique in reporting a positive value for the total
GWP. Therefore, hydrometallurgy is more environmentally
friendly in terms of GWP compared to the combination of
pyro- and hydrometallurgy (see Fig. 3).
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Figure 3: GWP from selected studies in pyro- and hydrometallurgical recycling of 1 kWh NMC battery cell or pack.
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4.2 Cumulative Energy Demand

According to Peters (Peters et al., 2017), cumulated energy
demand (CED) is the second most frequently investigated
impact category for LCA in the field of battery cell production
and reflects the energy consumption in MJ. While 53% of
the studies about battery cell production have evaluated
CED (Peters et al, 2017), 54% of the considered studies
have analyzed it. The total CED impact is the sum of the CED
recycling credit and CED recycling burden (see equation 2).

CEDyo1q = Y. CED credit » CEDyrden  (2)

The analysis reveals that the total CED of all relevant
studies ranges for the hydrometallurgical treatment
between - 453.3 and - 62.9 MJ kWh™ and for the combined
pyro- and hydrometallurgical treatment between - 257.6
and 256.8 MJ kWh™ (see Fig. 4). Specifically, the average
value for the CED burden of hydrometallurgical recycling is
198.2 MJ kWh'. In contrast, the combined pyrometallurgical
and hydrometallurgical recycling process exhibits a higher
average value of the CED burden, with 228.2 MJ kWh'. A
comparative analysis of the average recycling credit values
reveals that hydrometallurgical recycling achieves a more
significant reduction in energy consumption compared
to the combined pyro- and hydrometallurgical recycling
process. In particular, the hydrometallurgical process offers
an average energy credit of - 492.5 MJ kWh', whereas the
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combined approach yields a comparatively lower credit
of - 326.1 MJ kWh'. This disparity highlights the greater
efficiency of the hydrometallurgical method in reducing
energy demands and demonstrates that the pyrolysis and
smelting sub-steps are characterized by a high energy
consumption (Accardo et al., 2021).

Furthermore, it can be determined that 83% of the studies
demonstrate a benefit in total CED, establishing a general
consensus within the research community. Therefore,
the average total CED for hydrometallurgical recycling
is calculated to be - 189.5 MJ kWh™'. Hydrometallurgical
recycling can reduce the CED by almost 17%, given that the
production of TkWh NMC battery requires 1,126 MJ of energy
(Dai et al, 2019a). However, the study by Accardo differs
from this trend with a positive total CED, due to high energy
requirements of the pyrometallurgical steps (Accardo et al.,
2021). Nevertheless, Rajaeifar conclude that the combined
pyro- and hydrometallurgical recycling process yields a
net benefit (Rajaeifar et al., 2021). This can be attributed
to the closed-loop approach, which is considered the best-
case scenario, as it allocates optimistically high energy and
environmental credits to the system. Additionally, since
2022, fewer studies have analyzed the values for recycling
CED total and recycling CED credit (see Fig. 4). To gain a
comprehensive understanding of the impact of recycling, it
is essential to address these aspects in future research.
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Figure 4: CED of selected studies in pyro- and hydrometallurgical recycling of 1 kWh NMC battery cell or pack.
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5 Further Impact categories

The objective of a LCA is to quantify the overall environmental
impacts of a system (International Organization for
Standardization, 2009). Accordingly, in the LCIA phase
exists a wide set of characterisation models and impact
categories that can be used to evaluate the environmental
impact (Finkbeiner et al., 2006; International Organization
for Standardization, 2009). In the analyzed studies, the used
impact categories consist of the frequently applied impact
assessment methods ReCiPe (Guinee, 2002; Huijbregts et
al,, 2017), CML (Guinee, 2002) and the impact category CED.
The matrix presented in Fig. 5 summarizes the considered
impact categories in the relevant studies. However, looking at
the impact categories, it appears that many studies consider
only GWP and very few other categories in addition, while
still referring to the concept of LCA. In particular, only the

Global Warming
Cumulative Energy Demand

Ozone Depletion
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studies by Cusenza (Cusenza et al., 2019), Kallitsis (Kallitsis
et al, 2022), Castro (Castro et al,, 2022) and Yang (Yang et
al, 2024) analyse a wide spectrum of impact categories.
The study by Gutsch and Leker (Gutsch and Leker, 2024)
employs a combined approach to assess a number of
impact categories simultaneously. Furthermore, it is evident
that since 2022, none of the analyzed studies have examined
the impact category CED, including its burden, credit and
total recycling values (see Fig. 5). This absence highlights
a gap in the current research, as CED represents a crucial
indicator for comprehending the total energy implications
of recycling processes. This includes the energy conserved

through material recovery and the energy consumed in the
recycling operations themselves.

Acidification

Freshwater Eutrophication

Marine Eutrophication

Terrestrial Eutrophication

Fossil Fuel

Resource Depletion

Smog

Water Depletion

Human Toxicity (C)

Human Toxicity (NC)

Particulate Matter

Freshwater Ecotoxicity

Marine Ecotoxicity

Terrestrial Ecotoxicity

Land Use

Tonizing Radiation

*CED burden considered in supplementary Information

. considered D not considered

Figure 5: Overview of the impact categories considered within relevant studies.

The Bauer commentary (Bauer et al., 2022) highlights that
the Eol. management of batteries is potentially harmful to
the natural environment and human health. Moreover, the
findings of the study by Kallitsis indicate that the recycling
credits can be even higher in impact categories other than
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GWP and CED (Kallitsis et al.,, 2022). This is in line with the
results reported by Accardo, who identified the greatest
benefits from recycling in the impact categories of human
toxicity and acidification (Accardo et al., 2021). Therefore,
LCA about battery EolL treatment should examine impact

70176



JOURNAL OF
BUSINESS CHEMISTRY

categories like Human Toxicity Potential, Resource Depletion,
Acidification Potential and Terrestrial Eutrophication
Potential in addition to GWP and CED to address aspects
of human health and natural environment. However, the
analysis of the relevant studies shows that on average only
40% of these four categories are analyzed. Consequently,
future research should prioritise a more comprehensive
investigation.

6 Conclusions and outlook

This work provides an overview about the current state
of research on the environmental impacts of pyro- and
hydrometallurgical recycling of NMC batteries. It was found
that most LCAs were conducted in China, followed by Europe
and the United States. As background data, GREET (Argonne
National Laboratory, 2018b, 2020; Dunn et al., 2014; Dunn et
al, 2015a) and Ecoinvent (Wernet et al,, 2016) are used by
a large number of studies. We improved the comparability
of relevant studies by analyzing the system boundaries
and adjusting the functional units to a standard of 1 kWh
battery pack. Our analysis results show that pyro- and
hydrometallurgical recycling of NMC batteries is described
in the literature with predominantly positive environmental
effects. Combined pyro- and hydrometallurgical recycling
can reduce the GWP of battery cell production by 27%.
Conversely, hydrometallurgical recycling can result
in a reduction of GWP by 39%. Furthermore, it can be
summarised that the pyrolysis and smelting sub-steps
are distinguished by a high level of energy consumption.
Conversely, hydrometallurgical recycling can reduce the
CED of battery cell production by almost 17%. The findings
suggest that studies using secondary data generally show a
high degree of consistency with those using primary data.
In the literature, environmental categories beyond GWP
and CED generally receive less attention, even though their
benefits are often more significant.

When evaluating this study, it is important to acknowledge
that it encompasses battery cells with varying compositions
of nickel, manganese, and cobalt. Moreover, LIBs were
analyzed at both the pack and cell levels, which can lead to
variations in the results. Further research could investigate
the EoL environmental impacts of other cell chemistries,
such as LFP or Lithium nickel cobalt aluminium oxide
(NCA), in terms of data sources and different environmental
impact categories. Based on our findings, we offer three

recommendations for conducting future LCAs:
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m  Recommendation 1: In addition to the total impact, it is
advisable to include the credit and burden in absolute
terms. This allows a more differentiated analysis and
comparison of the individual recycling processes and
ensures that both the benefits and the drawbacks of
each process are clearly identified.

m  Recommendation 2: To facilitate direct comparisons
between studies, it is recommended to standardize the
functional unit to 1 kWh at pack level. Additionally, given
that the majority of current studies rely on secondary
data, it is recommended that more primary data be
collected to ensure the gathering of new insights.

m  Recommendation 3: Besides GWP and CED, other
impact categories are not regularly considered. To
gain a comprehensive understanding of the impact on
both humans and the environment, it is important to
consider additional impact categories such as Human
Toxicity Potential, Acidification Potential, Terrestrial
Eutrophication Potential and Resource Depletion.
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