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Abstract: The material use of lithium-ion batteries (LIBs) is widely discussed in public and scientific
discourse. Cathodes of state-of-the-art LIBs are partially comprised of high-priced raw materials
mined under alarming ecological and social circumstances. Moreover, battery manufacturers are
searching for cathode chemistries that represent a trade-off between low costs and an acceptable
material criticality of the comprised elements while fulfilling the performance requirements for
the respective application of the LIB. This article provides an assessment of the substitutability
of common LIB cathode chemistries (NMC 111, −532, −622, −811, NCA 3%, −9%, LMO, LFP,
and LCO) for five major fields of application (traction batteries, stationary energy storage systems,
consumer electronics, power-/garden tools, and domestic appliances). Therefore, we provide a
tailored methodology for evaluating the substitutability of products or components and critically
reflect on the results. Outcomes show that LFP is the preferable cathode chemistry while LCO obtains
the worst rating for all fields of application under the assumptions made (as well as the weighting of
the considered categories derived from an expert survey). The ranking based on the substitutability
score of the other cathode chemistries varies per field of application. NMC 532, −811, −111, and
LMO are named recommendable types of cathodes.

Keywords: lithium-ion battery; LIB; raw material criticality; substitutability; cathode chemistries;
traction batteries; stationary energy storage systems; consumer electronics; power-/garden tools;
domestic appliances

1. Introduction

Tackling climate change and decarbonizing the economy and society may be consid-
ered as some of the greatest challenges of this century. The Paris Agreement limits global
warming to 1.5 degrees [1]. The European Union aims to achieve climate neutrality by
2050 [2]. This results in massive pressure for technology development and applications
in industries. One of the most promising solutions for achieving climate neutrality is
electrification in combination with the expansion of renewable energies. With the recent
proposal “Fit-for-55” within its Green Deal Framework, the European Commission has
significantly increased the need for electrification, especially in the transport sector [3].
Emissions trading is to be introduced for road traffic and only new registrations of zero-
emission cars are to be allowed from 2035 onwards. Therefore, electrification will be the
key measure for reaching the climate targets. This results in a significantly increasing
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demand for batteries. In this context, lithium-ion batteries (LIBs) are of utmost importance
due to their rechargeability and favorable performance properties. LIBs cover a wide range
of applications, such as traction batteries, stationary energy storage systems, consumer
electronics, power/garden tools, and domestic appliances. Traction batteries for electric
vehicles represent a huge amount of potential for achieving climate goals, as road transport
is responsible for approximately 15% of global CO2 emissions [4]. Electrified transport in
combination with a low-carbon energy supply can reduce these CO2 emissions significantly.
According to Zhang and Fujimori, the CO2 emissions of this sector can be reduced by 50%
until 2050 only via electrification [5]. The International Energy Agency (IEA) even states
that the CO2 emissions from road transport may be reduced to zero for light commercial
vehicles, passenger cars, and buses by 2070 [6]. In addition, batteries can be used as station-
ary energy storage by private, commercial, or utility users, and thus balance wind or solar
energy shortages and contribute to energy flexibility [7].

To cover the huge range of applications of LIBs, different cathode chemistries are used.
These include “Lithium Nickel Manganese Cobalt Oxide” (NMC 111, NMC 532, NMC
622, and NMC 811), “Lithium Nickel Cobalt Aluminum Oxide” (NCA 3% Co and NCA
9% Co), “Lithium Iron Phosphate” (LFP), “Lithium Cobalt Oxide (LCO), and “Lithium
Manganese Oxide” (LMO) [8]. The well-established alphabetic abbreviations denote the
elements the cathodes are comprised of. The stated numbers define the mass percentages
of the respective materials. For example, the label NMC 532 indicates that the cathode
comprises five parts nickel, three parts manganese, and two parts cobalt. The percentage
after the code NCA (nickel cobalt aluminum oxide) describes the material share of cobalt
within the cathode [9].

As shown by Merriman, the market share of the different cathode chemistries will
change in favor of higher energy density material compositions with the additional advan-
tages of lower costs and higher social acceptance [8]. This means that cathode chemistries
with higher nickel content are likely to increase their market share significantly, while
cathode chemistries with higher cobalt content are predicted to decline to a market share
of less than 10% in 2025 [8].

This paper focuses on cathode chemistries that either already have a high market share
or will be important in the near future. Thus, solid-state batteries and other innovative
cell generations, such as lithium air, are neglected, although they are expected to gain
significant market shares in the future [9]. This is because no market-ready battery has been
developed yet and, according to forecasts, they will initially become relevant in 2030 [9].
For the battery industry, such forecasts are very important for strategically planning the
production infrastructure and portfolio. This article will provide an additional approach
to such considerations. By assessing the substitutability of cathode chemistries, decision-
makers in industries receive a detailed overview of the potential benefits and disadvantages
of staying with the existing product portfolio or changing to another.

One of the critical factors for the market penetration of LIBs is the low security
of cathode materials [10]. In order to assess impact factors for a sustainable supply of
resources, the holistic methodology of resource criticality assessments was developed a
few years ago. The first criticality assessments were conducted in the context of both
world wars to evaluate strategically valuable resources [11]. While these studies usually
concentrated on minerals, later analyses have significantly broadened the scope.

According to the standard denotation by Erdmann and Graedel, a critical raw material
is defined as one for which the medium to long-term supply situation might turn out to
be critical from the point of view of various systems (e.g., companies, industries, national
economies) [12]. This article focuses on the company perspective, for which various authors
have developed respective models and methodologies [13–15]. Schrijvers et al. provide a
comprehensive overview [16]. In the case of an indicator-based criticality assessment, this is
carried out based on different dimensions such as vulnerability, supply risk, environmental
impact, and social implications [13,14]. Each dimension is assessed quantitatively using
various indicators. Qualitative information (e.g., concerning recyclability) is transformed
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to a quantitative scale where possible. There are various approaches to interpreting the
results. While it is possible to aggregate the individual results of the considered indicators
to calculate an overall criticality value, some studies remain on the indicator level, since
this allows for detailed analyses of potential problems in the supply chain of raw materials.

Due to the limited nature of raw materials, criticality assessments have been exten-
sively investigated in the recent literature. Among others, numerous commodity-specific
analyses have been performed for metals and metalloids [17–20], such as copper [21],
iron [22], and rare earth elements [23]. However, the analysis of raw material criticality is
an ongoing process since the respective methodologies are continually being improved
and further possible indicators integrated. Furthermore, results may vary significantly
depending on the underlying base year of the utilized data. A prominent example of
such variations in results for individual indicators is the significant increase in the static
reach of lithium due to the exploitation of wider reserves within the past few years [24,25].
Furthermore, demand impulses through new emerging technologies should be mentioned
here. In addition to the consideration of individual elements, an aggregated consideration
of criticality at the product or technology level is also possible. Exemplarily for this con-
text, specific use cases for clean energy technologies [26], such as photovoltaics [27] and
water electrolyzers [28], and other emerging technologies [29] have been described. A few
criticality analyses have also been carried out for different battery technologies [9,30,31]
and energy storage systems [32].

Nevertheless, the results from previous studies cannot be adopted, since in this paper,
substitutability is not implicitly analyzed in the vulnerability dimension, but explicitly as
the main finding quantified with a separate set of indicators and criteria. Furthermore,
in addition to supply risk, the other dimensions of environmental impact and social
implications, according to Kolotzek et al. [14], are included to generate an overview of
resource criticality that is as comprehensive as possible [33]. The combination of classic
approaches to criticality assessments and methods from the fields of life cycle analysis as
well as social life cycle analysis [14] results in an evaluation of the effects of resource use that
involves all three pillars of sustainability (economic, environmental, social). To guarantee a
consistent approach, all battery raw materials must be evaluated again according to the
corresponding methodology.

In general, the substitution of single raw materials can lead to a significant decrease
in the overall criticality of a material compound or a product/technology, respectively.
However, this is not possible for complex technology components such as those of LIBs.
Pivotal examples are the cathodes of LIBs, as they are comprised of various materials that
cannot be individually substituted. Hence, the substitutability has to be analyzed on a
composite, rather than on an elemental, level. As individual fields of applications are
defined by specific requirements, this evaluation needs to be conducted in an application-
specific manner. The present article provides a respective methodology. Consequently, the
central research question is defined as: “Which LIB cathode chemistry is to be suggested for
the considered fields of application, and what are the respective benefits when switching
from the status quo to another cathode chemistry?”.

This paper’s contribution to the existing literature on raw material criticality assess-
ment, substitutability, and, consequently, sustainability is twofold. First, we provide a
comprehensive approach to how the substitutability of materials at a technology level
could be quantified as an enhancement of basic criticality assessments. Second, we ap-
ply the methodology to current LIB chemistries as one of the most relevant emerging
technologies in the debate about future material availability from a company perspective.
Substitutability in many cases is included in the vulnerability score as a single sub-indicator
for each raw material [20,34,35]. However, this is not sufficient to provide decision support
at the firm level, where individual alternative technologies and material systems need to
be compared.
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2. Materials and Methods

The methodology is separated into two main modules: (1) the assessment of material
criticality; and (2) the determination of substitutability. For the latter, the two considered
categories of price and performance are described, and the methodological approach in
merging the individual results is outlined (Figure 1).

Figure 1. Visualization of the methodological approach.

The scope of the presented research includes nine different LIB cathode compositions.
The respective selection illustrated in Figure 1 is based on state-of-the-art LIBs that either
had, currently have, or are expected to gain relevant shares of the global LIB market [8,9].
As this article focuses on LIBs, each considered cathode chemistry comprises derivates
of lithium, regardless of whether it is indicated in the abbreviation (L) or not. Thereby,
the share of lithium in the cathode composition remains constant for all versions of NMC
and NCA LIBs [8]. For assessing the raw material criticality of the considered cathode
chemistries, the contained elements are individually assessed and later on aggregated
by their material shares. The article focuses on cathode or so-called active materials and
neglects other materials a LIB cell is comprised of.

The substitutability is assessed for five product families or fields of application (elec-
tric vehicles, stationary energy storage, consumer electronics, power-/garden tools, and
domestic appliances). The respective choice is adopted from Full et al., who define the
mentioned product families as the most popular use cases for LIBs regarding market shares
based on available market analytics [36].

2.1. Methodology of Criticality Assessment

One of the most prominent approaches to criticality assessment is based on the work
of Graedel et al. Thereby, material criticality is expressed by the three dimensions of
supply risk, environmental implications, and vulnerability [13]. This article, however,
neglects the dimension of vulnerability to supply restrictions. This is done in order to
prevent double accounting of certain aspects. The substitutability as one of three criteria
for assessing the vulnerability to supply restrictions is analyzed in detail in the subsequent
steps. The inclusion of the dimension of vulnerability to supply restrictions would result
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in a circular reference between the evaluation of substitutability, which is based on the
preceding assessment of material criticality (compare Section 2.2). The presented approach
adopts the so-called “company-oriented model” developed by Kolotzek et al., which can be
adapted to a product or technology level. The underlying three dimensions are supply risk,
environmental impact, and social implications of raw material supply [14]. Incorporating
the social aspect represents a significant added value to classic approaches to raw material
criticality assessment. This is due to the fact that corporate social responsibility is expected
both from customers as well as public authorities. The respective applied set of indicators
provides a comprehensive overview of potential social problems in the upstream supply
chain. The considered indicators for each dimension are documented in Table 1. For a short
description of each utilized indicator, the reader is referred to the Supplementary Materials
of [14]. The underlying base year of the obtained data for each indicator is 2019.

The selection of indicators for the supply risk dimension is equivalent to the eight
most frequently applied indicators in related studies [37]. Thereby, the original indicator
“country risk” is translated into the category “political risk”, which is comprised of three
individual indicators (“policy perception”, “political stability”, and “regulation”). In
addition, the original indicator “depletion time” [37] is split into two indicators: “static
reach of reserves” and “static reach of resources”.

In turn, the dimension “environmental impact” is based on the methodology by
Graedel et al., who apply the two LCIA endpoint categories “human health” and “ecosys-
tem quality” by allocating various midpoint indicators (see Table 1) [13]. The “hierarchist”
perspective of ReCiPe 2008 is chosen as the underlying LCIA method [38]. As ReCiPe
already includes a weighting to transform mid- to endpoint indicators, the definition of an
individual weighting for the present work is neglected.

The dimension “social implications” is defined by a selection of indicators based on
the “research field of social life cycle assessments” [14]. Standardization and weighting of
individual indicators for each dimension are adopted from Kolotzek et al., who applied an
analytical hierarchy process (AHP) for the respective determination. Each indicator is nor-
malized on a scale from 0 to 100, where zero equals the best and 100 the worst performance.
For detailed information concerning the selection process of dimensions, indicators, and
further methodological aspects, the reader is referred to the work of Kolotzek et al. [14]. In
accordance with other recent studies [22,30], the presented work does not define criticality
thresholds, since criticality itself generally represents a subjective concept that is largely
based on the respective perception of stakeholders. However, the comparison between
the single raw materials and cathode chemistries allows for classification in terms of “less
and more critical”. The circular form of visual depiction of the results of the raw material
assessment (adapted from Kolotzek et al. [14]) allows for an indicator-specific interpretation
and analysis (compare Section 3.1). Hence, potential problems in the supply chain of the
evaluated raw materials can be identified, and approaches to improvement can be derived
for further analyses.
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Table 1. Applied indicators for criticality assessment. The selection and weighting are based on [5], and the origin of data is
stated in the column “reference”.

Dimension Category Indicator Abbreviation Reference

Supply Risk

Concentration Risk
Company Concentration CompC [24]

Country Concentration CountC [39]

Political Risk

Policy Perception Index PPI [40]

WGI: Political Stability and Absence of
Violence/Terrorism WGI-PV [41]

Human Development Index:
Regulation HDI [42]

Risk of Demand Increase

Companion Metal Fraction CMF [43]

Future Technology Demand FTD [44]

Substitutability (raw material) Subs [45]

Risk of Supply Reduction

Recycling Rate RR [46]

Static Reach Reserves SRRV [24]

Static Reach Resources SRRC [24]

Environmental
Impact

Ecosystem Quality

Agricultural Land Occupation ALO [47]

Climate Change, Ecosystem CCE [47]

Freshwater Ecotoxicity FEuc [47]

Freshwater Eutrophication FEut [47]

Marine Ecotoxicity MEct [47]

Natural Land Transformation NLT [47]

Terrestrial Acidification Tacd [47]

Terrestrial Ecotoxicity Tect [47]

Urban Land Occupation ULO [47]

Human Health

Climate Change, Human Health CCHH [47]

Human Toxicity HAT [47]

Ionising Radiation IR [47]

Ozone Depletion OD [47]

Particulate Matter Formation PMF [47]

Photochemical Oxidant Formation POF [47]

Local
Community

Access to Immaterial
Resources

WGI: Voice and Accountability

AIR

[48]

Global Competitiveness Report: FDI
and technology transfer [49]

Access to Material
Resources

Environmental Performance Index:
Water and Sanitation EPI-WS [50]

Community
Engagement

GCR: Public Trust of Politicians

CE

[49]

GCR: Transparency of Government
Policymaking [49]

Cultural Heritage Fragile State Index: Group Grievance FSI-GG [51]

Delocalization and
Migration Fragile State Index: Refugees and IDPs FSI-R [51]

Local Employment Risk of Unemployment LE [52]
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Table 1. Cont.

Dimension Category Indicator Abbreviation Reference

Respect of
Indigenous Rights

Risk That a Country Does not Provide
Laws to Protect Indigenous People

RIR [52]
Risk that Indigenous People are
Negatively Impacted

Safe and Healthy
Living Conditions WHO: Age-standardized DALY rates DALY [53]

Secure Living
Conditions

GCR: Security of Public Institutions
SLC

[49]

GCR: Reliability of Police Services [49]

Social
Implications

Society

Corruption WGI: Control of Corruption WGI-CC [48]

Prevention and
Mitigation of Armed
Conflicts

HIIK Conflict Barometer HIIK [54]

Worker

Child Labor Risk of Child Labor CL [52]

Equal Opportuni-
ties/Discrimination Gender Inequality Index GII [55]

Fair Salary Risk of Average Wage Being Lower
Than Non-Poverty Guideline FS [52]

Forced Labor Risk of Forced Labor FL [52]

Freedom of
Association and
Bargaining

Risk of Not to Enforce the Right to
Strike

FA&BRisk of Not to Enforce Freedom of
Association Rights [52]

Risk of Not to Enforce Collective
Bargaining Rights

Health and Safety
Risk of Non-Fatal Injuries

H&S [52]
Risk of Fatal Injuries

Working Hours Risk of Excessive Working Time WH [52]

The results on the elemental level (supply risk, environmental impact, social implica-
tions) are aggregated to the cathode-specific technology level. This is done by weighing the
obtained values by mass shares of the respective raw material (or precursor material) within
the considered cathode chemistries. This approach to calculating the criticality of material
compounds or products is accepted in the scientific community [30–32]. The material
compositions of the individual cathode chemistries can be obtained from Table 2. Thereby,
lithium and manganese are applied as different derivates for some cathode chemistries.
While lithium carbonate is used for NMC 111, NMC 532, NMC 622, LMO, and LCO [56,57],
lithium hydroxide is required for the nickel-rich cathode NMC 811, LFP, and the NCA tech-
nologies [57–59]. The NMC-active material is comprised of manganese sulfate [57], while
for LMO manganese dioxide is applied [60]. The respective information is involved for
the environmental dimension. The indicators of the considered LCIA endpoint categories
are assessed in both a raw-material-specific and derivate-specific manner. As no dataset
exists for cobalt sulfate hexahydrate in the ecoinvent database [47], a mixed calculation
from sulfuric acid and cobalt based on stoichiometric calculations is conducted.

2.2. Evaluation of the Substitutability of LIB Cathode Chemistries

The applied methodology for evaluating the substitutability of cathode chemistries
is partially based on the approach to vulnerability assessment by Graedel et al. [13]. The
respective components and context are illustrated in Figure 2. The substitutability is
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calculated by considering three categories (highlighted in cyan: the performance, the
criticality, and the price of the substitute), which in turn are comprised of various indicators
(highlighted in dark grey for the performance of the substitute, in green for the criticality
of the substitute, and in blue for the price of the substitute). Potential substitutes in this
regard are the mentioned cathode chemistries (compare Table 2). The weightings of the
individual categories and indicators are based on an expert survey (cyan, green, and blue)
or available assessments from the literature (dark grey). The respective approach and
results are described at the end of this paragraph. The category “criticality of the substitute”
is based on the results described in Section 2.1. The other two categories are described in
detail in the following. The levels and categories that are highlighted in light grey are part
of the approach to assessing the vulnerability but are neglected in the presented approach
to assessing the substitutability of LIB cathode chemistries.

Table 2. Material shares of evaluated cathode chemistries.

Li2CO3 LiOH NiSO4 MnSO4 MnO2 CoSO4 Al2(SO4)3 FeSO4 H3PO4 Reference

NMC
111 0.106 0.298 0.298 0.298 [8]

NMC
532 0.106 0.447 0.268 0.179 [8]

NMC
622 0.106 0.536 0.179 0.179 [8]

NMC
811 0.106 0.716 0.089 0.089 [8]

NCA 3% 0.106 0.824 0.045 0.025 [8]
NCA 9% 0.106 0.734 0.14 0.02 [8]
LMO 0.06 0.94 [8]
LFP 0.04 0.36 0.6 [8]
LCO 0.11 0.89 [61]

The category “performance of the substitute” is assessed by taking five indicators
into account. The selection of these indicators is based on a comparison and linkage of the
results of two scientific articles [36,62]. Zubi et al. evaluated the characteristics of various
LIB cathode chemistries (LCO, LMO, LFP, NCA, and NMC) based on eight indicators [62].
In order to connect their chemistry-specific results to application-specific requirements for
LIBs, the eight indicators from Zubi et al. are matched with the nine indicators applied by
Full et al. [36]. In the course of their evaluation of different LIB cell formats, they assessed
the importance of various technical criteria for the main applications of LIBs (traction
batteries, stationary energy storage systems, consumer electronics, power/garden tools,
and domestic appliances) [36]. The comparison of these technical criteria can be obtained
from Table 3. The five adopted indicators enable the evaluation of the performance of
cathode chemistries for the considered applications. The remaining indicators are either
neglected due to consideration in other dimensions or the non-availability of an appropriate
match (compare Table 3).
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Figure 2. Structure of the substitutability assessment; partially based on Graedel et al. [13].

Table 3. Considered indicators for the category “performance of substitute”.

Full et al.
2020 [36]

Zubi et al.
2018 [62]

Considered?
Reason for Exclusion

Yes No

Energy density Energy X
Power density Power X
Stability Safety X
Lifespan Durability X
Thermal properties X No matchable indicator used by Zubi et al.

Sustainability X
The sustainability assessment of cathode chemistries is
covered by the categories “price of substitute“ and
“criticality of substitute”

Degree of standardization Maturity X
Shape flexibility X No matchable indicator used by Zubi et al.
Cost Affordability X Covered by the category “price of substitute”

Materials X The assessment of utilized materials is the focus of the
present article (“criticality of substitute”)

Performance X Covered by the category “performance of substitute”

As Zubi et al. assess NMC and NCA batteries and do not further define the particular
material composition (e.g., share of nickel, manganese, and cobalt), the supplied assess-
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ments are interpreted as averages for NMC 111–811 and NCA 3–9%. Consequently, the
scoring published by Zubi et al. is extended to represent existing variances in performance
between the different material shares in similar families of cathode chemistries. Hence,
nickel-rich NMC cathode chemistries (NMC 622 and 811) are assessed with lower matu-
rity [63], lower durability [64], lower safety [9,65], and higher energy density [9,66] than
the previous generations (NMC 111 and 532). Similar to NMC cathodes, the maturity of
low-cobalt NCA cathodes (NCA 3%) is defined to be lower than that of high-cobalt NCA
cathodes (NCA 9%). Furthermore, the durability and safety are assessed to be lower, while
the energy density is assessed to become higher with decreasing cobalt share [67]. The
underlying scores are listed in the Supplementary Materials. The obtained values for the
individual indicators concerning the performance of the cathode chemistries are multiplied
by the respective importance for the considered applications. The assessment of importance
obtained from Full et al. is transformed to a scale that ranges from 0 (not important) to 1
(very important) and the sum is normalized to 1. Consequently, the importance is used
for indicator weighting. The sum of the weighted indicator values per application results
in the desired application-specific performance rating of LIB cathode chemistries. The
respective values can be found in the Supplementary Materials.

Identifying costs of raw materials represents a difficult task, as the raw material
market is highly volatile and depends on numerous impact factors. In order to integrate
the dimension “cost of the substitute”, five indicators are introduced. These are expected
to cover the current price of the substitute as well as the potential future development
based on historical data. Historical data are provided on a medium (2000–2015) and
long-term timescale (1990–2015) for the average price and the price volatility of the raw
materials. Data for the introduced indicators are obtained on a raw material level, not for
specific cathode materials, as the respective information is not publicly available. This
applies especially to the indicators that are based on historic data. For the same reason,
a differentiation between derivates of the utilized materials (e.g., lithium hydroxide vs.
lithium carbonate) is not taken into consideration. Once more, the aggregation to the
product level (cathode chemistry) is based on the material shares (compare Table 2). The
current price of the commodities refers to the average price in 2019 [68]. The only exemption
is iron, which is used in LFP cathodes. The price of iron is neither mentioned in the “DERA
Preismonitor” nor in the “mineral commodity summaries” of the USGS [24,68]. The most
current information concerning the price of iron in the literature was found for 2018 [69].
The historical price averages refer to prices in the United States [70]. The historical volatility
is equated with the standard deviation of the logarithmic price changes from one year to
another in the considered timespans [71]. The historical raw material prices in the United
States were chosen as the underlying data [70]. The Supplementary Materials of the present
article provides more detailed information concerning the utilized datasets.

For the final assessment (see Section 3.3), each indicator from each dimension is
normalized on a scale that ranges from 0 to 1, where 0 is defined as the potential optimal
value per indicator (e.g., the optimal value of the indicator “current price” in the dimension
“price of the substitute” equals 0 US $). The value 1, as the upper end of the scale, is
equated with the worst value that is achieved by one of the considered cathode chemistries
(e.g., LCO attains the highest current material costs; hence, the 30,295 US $/t are defined as
1 on the introduced scaling). Consequently, cathode chemistries that attain the lowest score
are qualified the most as potential substitutes in the respective field of application.

The weightings were obtained from an analytical hierarchy process (AHP). The re-
spective methodology is based on Saaty et al. [72]. The weightings of the indicators of
the categories “criticality of the substitute” (wcx) and “price of the substitute” (w€x) as
well as of the three categories within the level “substitutability” (wsx) were obtained by
pairwise comparisons using a structured questionnaire. A sample of the utilized question-
naire can be found in the Supplementary Materials. As the importance of the individual
indicators for the considered fields of application was obtained from Full et al., the re-
spective weighting of the category “performance of substitute” was not requested in the
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questionnaire [36]. The sum of the individual weightings for the categories as well as for
the level “substitutability” equals 1 (or 100%), respectively. Figure 2 visualizes the content
of the questionnaire. Experts from battery-related research institutions and companies
were asked to give their opinion about the importance of the mentioned indicators and
categories from the viewpoint of a producer/distributor of LIBs. Information concerning
the surveyed experts can be found in the Supplementary Materials. The final weightings
were obtained by calculating the average of the valid expert opinions. The threshold value
for the consistency check of the expert’s answers, according to Meixner and Haas, was
defined as 0.2 [73]. Only one returned questionnaire had to be neglected in the calculation
of the average weightings due to the exceedance of the consistency value. The obtained
weightings can be found in Table 4. The weightings for the indicators of the performance
category (wpx), obtained from Full et al. [36], can be found in the Supplementary Materials.

Table 4. Weightings of categories/ indicators obtained from the AHP process.

Level/Category Category/Indicator Abbreviation Weighting

Substitutability

Performance of the substitute ws1 0.410
Criticality of the substitute ws2 0.269
Price of the substitute ws3 0.321
∑ 1

Criticality of substitute

Supply risk of the substitute wc1 0.520
Environmental risk of the substitute wc2 0.244
Social risk of the substitute wc3 0.236
∑ 1

Price of substitute

Current price of the substitute w€1 0.161
Average price long-term of the substitute w€2 0.273
Average price mid-term of the substitute w€3 0.276
Volatility long-term of the substitute w€4 0.134
Volatility mid-term of the substitute w€5 0.157
∑ 1

3. Results

The results are organized into three subsections. The first summarizes the findings
from the criticality analysis on the raw material level as well as the aggregated perspective
on the cathode-chemistry level. The second subsection describes the results concerning
the price and performance category of the considered cathode chemistries. Finally, all
individual results are merged in the last subsection, where the substitutability of the
mentioned cathode chemistries for the considered fields of application of LIBs is described.

3.1. Criticality of Cathode Materials for Lithium-Ion Batteries

The criticality of raw materials is not aggregated to a single criticality value. The
results are discussed on the indicator level to identify specific problems in the upstream
supply chain. This shall create sensitization to potential difficulties in supply from a
market and political perspective, but also under the circumstance of the expected trans-
formation to stricter requirements concerning environmental and social standards from
consumers as well as legislative entities. The depiction of raw material criticality is based
on Kolotzek et al., who developed an expressive layout by using three superimposed circle
diagrams [14]. The inner circle visualizes the accumulated results of the three dimensions.
The middle circle is a little more specific in depicting the defined categories and the outer
circle provides the most detailed information on the indicator level. The color-coded scale,
as depicted in Figure 3, reaches from green (least critical = transformed value of 0 per
indicator) to red (most critical = transformed value of 100 per indicator).

The results for the individual material criticality assessments are illustrated in Figure 4.
Compared with the other considered elements, cobalt is assessed with the highest supply
risk, directly followed by lithium. This is in line with the results of other studies [18,30,31].
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In turn, iron is scored with the least critical supply risk of the considered elements, followed
by aluminum. This is the other way round in the assessment of Wentker et al. [31]. As the
same indicators are selected, the variation should be considered in the light of the more up-
to-date data applied in this article (base year 2019). This results in less critical scores of iron
for the indicators “company concentration”, “country concentration”, and “regulation”.

Figure 3. Applied color-coded scale for raw material criticality.

Figure 4. Cont.
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Figure 4. Results of the raw material criticality assessments for: (a) aluminum; (b) cobalt; (c) iron; (d) lithium; (e) manganese;
(f) nickel; and (g) phosphorus.

The lowest ecological implications occur from the mining of iron, followed by phospho-
rus and aluminum. Manganese, nickel, and cobalt follow after a considerable gap. The sup-
ply of lithium is accompanied by the highest ecological implications by far. Wentker et al.
come to the same conclusions concerning cobalt, nickel, and lithium. However, according
to their assessment, manganese and nickel are scored with an even lower environmental
impact than phosphorus and aluminum [31]. The environmental impacts published by
Graedel et al. are nearly the same for Co, Mn, Al, Li, and Fe. Only nickel is assessed
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as a little more critical [18]. These differences suggest that the dimension of ecological
implications is highly dependent on the reference year of the applied data.

Compared with the other assessed elements, aluminum trends towards a rather uncrit-
ical assessment. The noticeable concentration risk (particularly the country concentration)
is based on the fact that more than half of the world’s aluminum production takes place
in Australia and China [24]. Political circumstances in China, Brazil, Guinea, and India
are the central reasons for the rather critical overall rating of the “policy perception index”
(PPI) and the political stability and absence of violence indicator (WGI-PV) [40,41]. The im-
plications for the environment are assessed as low (the third-lowest score of the considered
elements) [47]. In the social dimension, the Fragile State Index: Group Grievance (FSI-GG)
is scored as rather critical—as are Child Labor (CL) and Forced Labor (FL). Generally, it
has to be stated that, for all elements, the indicators Respect of Indigenous Rights (RIR)
and Freedom of Association and Bargaining (FA&B) are assessed as highly critical. Further
research needs to analyze if this is a coincidence, or if the transformational rule obtained
from Kolotzek et al. needs to be revised.

Cobalt mining is highly centralized. In 2019, around 65% of the world’s production
was mined in the Democratic Republic of Congo [24]. The Central African state is also
the main reason for alarming political risks due to the critical ratings of the PPI, the
WGI-PV, and the human development index (HDI) [40–42]. The supply risk is enhanced
as cobalt is mainly extracted as a by-product metal of nickel and copper mining [43].
Furthermore, a significant increase in demand is expected for future technologies (mainly
for LIBs) [44]. From the considered elements, the mining of cobalt is responsible for the
second-highest environmental impact [47]. Concerning the social implications of cobalt
mining, similar tendencies to the supply risk dimension can be observed. The strong
concentration of mining operations in the Democratic Republic of Congo affects the social
indicators negatively. Particularly highlighted in this regard are the scores for the FSI-GG
and the Fragile State Index: Refugees and IDPs (FSI-R) [51]. Worth mentioning are also
the rather critical assessments for the control of corruption indicator (WGI-CC), the HIIK
conflict barometer (HIIK), and the water and sanitation indicator of the environmental
performance index (EPI-WS) [48,50,54].

Except for the dimension of social implications (the second-lowest score after lithium),
iron is assessed as the least critical of the considered elements. One of the aspects that
increases the overall supply risk of the raw material is the high concentration of production.
In 2019, more than half of the world’s mining activity was located in Australia and Brazil.
Taking China and India additionally into account, the production share of these four
countries accounts for more than 80%. While the static reach of resources can be regarded
as uncritical, the static reach of reserves is advised to be monitored as it currently only
accounts for approximately 60 years [24].

The high supply risk of lithium is only surpassed by that of cobalt. The concentration
risk of lithium is extremely high, as, in 2019, 60% of the world’s lithium supply was
produced in Australia (2019) [24]. However, it has to be stated that the political risk in the
lithium-producing countries is rather low [40–42]. The future technology demand is scored
with the highest possible value. This is mainly due to the expected increasing demand
for LIBs [44]. Additionally, the recyclability of lithium is assessed as highly critical [46].
Nevertheless, it has to be stated that some processes exist that are capable of extracting
derivates of lithium from end-of-life LIBs [74]. From a social point of view, lithium mining
is rather uncritical compared with the other assessed elements.

Although the concentration risk of manganese is worth noting, it is low compared with
the other considered elements (except for nickel) [24]. Manganese-producing countries
are assessed with a medium political risk [40–42]. However, manganese is difficult to
substitute on a material level [45]. Furthermore, the static reach of the identified reserves
is comparatively low (44 years) [24]. In summary, this ranks manganese in fourth place
(out of seven) concerning the supply risk dimension. The same ranking applies to the
dimension of “environmental impact” [47]. Nearly all social indicators are assessed with a
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medium criticality. Thereby, the EPI-WS and the FSI-GG in particular increase the average
value for the social implications dimension [50,51].

From the considered elements, the supply of nickel is the most diversified. However,
significant mining activities in Colombia, Guatemala, and, most relevantly, China, Russia,
Indonesia, and the Philippines (in ascending order by mined metric tons) impact the
political risk negatively [40–42]. Worth mentioning is the short static reach of reserves
(41 years), but even more the static reach of resources. A static reach of resources of
approximately 60 years is by far the shortest of the considered elements (the second-shortest
static reach of resources is that of cobalt with around 220 years) [24]. Although the color
code suggests a rather uncritical environmental impact, that of nickel represents the third-
highest score. Consequently, it is interpreted as worth mentioning and monitoring [47].
Similarly, for manganese, most of the social indicators are assessed with medium criticality.
The deviations are the high scores for the indicators “cultural heritage” and “prevention
and mitigation of armed conflicts” (both mainly caused by the respective situations in
Brazil, Colombia, Guatemala, Indonesia, Russia, and the Philippines) [51,54].

Phosphorus is scored with the third-highest supply risk of the assessed elements.
This is mainly due to the significant company and country concentration of phosphate
mining activities [24], high risks concerning the policy potential and political stability in
the respective countries [40,41], the non-substitutability in the main applications [45], and
the low recycling rates [46]. The environmental impact of phosphorus supply is scored as
very low (only undercut by iron) [47]. The social implications of phosphorus mining, in
turn, are comparably high, which is mainly due to high scores for the FSI-GG, the HIIK,
the WGI-CC, and the FSI-R [48,51,54].

The results concerning the criticality of the individual elements were merged according
to the approach described in Sections 2.1 and 2.2. By multiplying the scores in the three
dimensions per element with the respective material shares in the cathode chemistries
(compare Table 2), absolute values per dimension and cathode chemistry were obtained.
Figure 5a illustrates the corresponding results. By combining the weighting obtained
from the AHP process, the dimensions were summed to one weighted criticality value per
cathode chemistry (compare Figure 5b).

Figure 5. Criticality of LIB cathode chemistries: (a) absolute values of the three dimensions of criticality (supply risk,
environmental impact, social implications); (b) weighted criticality value.
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It is noticeable that the supply risk and the social implications seem to be correlated,
with the social implications being more critical for all cathode chemistries. This is due to the
fact that some of the supply risk indicators as well as all of the social implications indicators
are dependent on the mining countries. Hence, there seems to be a causal relation between
political and social circumstances. The high cobalt contents of NMC 111 and LCO result
in significant supply risks as well as social implications. It is interesting to see that LMO
has a high supply risk even though it contains no cobalt. This results from the supply
risk of manganese, which is rated between cobalt and nickel. The NCA cathodes with a
low cobalt share (NCA 3%) are scored with the lowest supply risk and social implications.
For all of the considered elements, the environmental impact is assessed as rather low
compared with the other two dimensions. Thereby, the NCA cathodes lead the order by
far. Increasing the shares of nickel while decreasing the share of manganese from NMC
111 to NMC 811 results in higher environmental impacts. LFP obtains the lowest scores
concerning environmental impact, which are due to the very low scores of phosphorus and
iron in this dimension.

For the further analysis of substitutability, the normalized criticality per dimension
and cathode chemistry is used. The normalization, which is described in Section 2.2,
transforms the results on a scale from 0 (the best case) to 1 (defined as the maximum value
one of the cathode chemistries achieves in the individual dimension). The respective values
can be obtained from the Supplementary Materials.

3.2. Performance and Price of the Considered Cathode Chemistries

The performance of cathode chemistries is assessed on a scale from 0 to 2 (compare
Section 2.2) [62]. The importance of the five analyzed indicators for the fields of application
is based on the same scale [36]. However, as described in Section 2.2, for the purpose of
normalization, the importance is transformed into a percentage scale (e.g., if all indicators
are assessed with the highest importance of 2, they are transformed to be equally important:
0.2/0.2/0.2/0.2/0.2). Consequently, the maximum performance score per field of appli-
cation and cathode chemistry equals 2. Figure 6 visualizes the results. It can be observed
that, on average, the requirements for power- and garden tools are fulfilled the most with
state-of-the-art cathode chemistries.

The LCO cathode chemistry is scored with the worst performance in every field
of application. Even for consumer electronics, which is the main application for LCO
LIBs, the preferred characteristics are not covered satisfactorily. The low-cobalt-containing
NCA cathode chemistry follows with the second-worst rating. Between the other cathode
chemistries, the one that is to be preferred varies depending on the field of application. The
NMC 532 is top-rated in every field of application except for “stationary energy storage
systems”, which is dominated by NMC 111.

NMC cathodes are the technologies most favored for application in traction batteries.
Following NMC 532, NMC 111, and NMC 811, LFP also achieves a high performance
rating. LCO, NCA 3%, and LMO are not advised to be utilized for traction batteries based
on the present assessment.

For stationary energy storage systems, NMC 111 and LFP are best suited. With a
rating of 1.85 and 1.84, respectively, their performance score is nearly the same. Interesting
to observe is the low performance rating of NMC 811, although it achieves mostly high
scores for the other fields of application. LMO performs satisfactorily and nearly achieving
the same performance rating as NMC 622.

The order of preference based on the performance rating is very similar for the re-
maining fields of application (consumer electronics, power-/garden tools, and domestic
appliances). The second place varies between NMC 111 (power-/garden tools, domestic
appliances) and NMC 811 (consumer electronics). LFP is also assessed with a high per-
formance rating for all three fields of application. The sixth and seventh places alternate
between cobalt-rich NCA (consumer electronics, domestic appliances) and LMO (power-
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and garden tools). Again, the transformed values (scale: 0—maximum value) were used
for further analysis and can be found in the Supplementary Materials.

Figure 6. Performance of the considered cathode chemistries in different fields of application.

The price of the substitute is assessed by the use of five indicators (compare Section 2.2).
Figure 7 illustrates the respective results for the nine considered cathode chemistries.
The decrease in cobalt shares in cathodes results in significant price drops (on a raw
material level). The price increase resulting from the evolution from NMC 532 to NMC 811
represents an intriguing finding. This is due to the fact that nickel is more expensive than
manganese. Although the share of cobalt is decreased from 20% to 10%, the accompanying
monetary benefit cannot compensate for the additional costs originating from the increase
in the nickel share from 50% to 80% at the cost of a decreasing manganese share. LCO
is by far the most expensive cathode chemistry due to the significant amounts of cobalt
the cathode is comprised of. The cobalt-rich NCA (NCA 9%) and NMC (NMC 111) are
the second and third most expensive cathode chemistries based on raw material prices.
The derivates of NMC and NCA vary in price but mostly are on a similar level between
13,600 US$ and 16,000 US$ per ton of raw materials. As the identified costs for raw materials
for the LFP cathode are extremely low, an additional approach was taken that is expected
to be more realistic. This was done to allow for a discussion about the impact of the price
dimension for the substitutability of cathode chemistries. According to the literature, LFP
cathode material currently costs around 43% of the price of NMC 811 cathode material [75].
Consequently, the price indicators visualized on the right-hand side of Figure 7 equal
43% of the identified NMC 811 prices on a raw material level, which is also depicted
in Figure 7 (fourth from the left). It appears that the price indicators are consequently
assessed as significantly higher than the original score of LFP (Figure 7—third from the
right). Although it surpasses LMO, the adjusted price of LFP is still lower than that of
the other cathode chemistries by far. Once again, all obtained values were transformed to
the introduced scale from 0 to the maximum value (see Supplementary Materials). The
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resulting scores were weighted by the weightings obtained from the AHP and merged to
an overall price score.

Figure 7. Price indicators for cathode chemistries.

3.3. Substitutability of Cathode Chemistries

The obtained scores for the criticality, performance, and price categories (compare
Sections 3.1 and 3.2) are summed to a substitutability value per cathode chemistry and
field of application by deploying the respective weightings from the AHP. Consequently,
the substitutability score is in the range from 0 to 1, where 0 equals the highest potential for
substitution and 1 equals the lowest. The results can be obtained from Figure 8. Generally,
the impact of the criticality category is rather small, as the respective variations in criticality
scores are minimal and the consulted experts assessed the importance of the category as low.
Using the described transformation rules as well as the introduced weightings, noticeable
differences can only be identified between high cobalt-containing cathode chemistries
(LCO, NCA 9%, NMC 111) and LFP.

In contrast, the price dimension has a significant impact on the overall substitutability
score due to the large spreads of the individual raw materials (especially phosphorus/iron
vs. cobalt/nickel) as well as a higher weighting than the criticality dimension.

The dimension of performance, which is attributed as the most important from the
viewpoint of a producer/distributor of LIBs, consequently has substantial effects on the
substitutability of cathode chemistries. Various chemistries are more or less on a similar
level of substitutability when only taking the criticality and price dimensions into account.
The decisive factor in these cases is the dimension of performance.

LFP achieves the lowest and thus best scores for every field of application. This is not
even changed by taking the higher price of the cathode material into account as described
in Section 3.2. The respective score of LFP with the adjusted price of the cathode material
is depicted on the right-hand side of Figure 8a–e (labeled ‘LFP cathode’).
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Figure 8. Results for the substitutability of cathode chemistries for the considered fields of application: (a) traction batteries;
(b) stationary energy storage systems; (c) consumer electronics; (d) power-/garden tools; and (e) domestic appliances.
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In contrast, LCO is not suggested in any of the considered fields of application as
a potential substitute. Its high cobalt content, while still achieving the worst scores in
the performance dimension for every field of application, disqualifies LCO as a suitable
cathode chemistry for LIBs.

According to the presented evaluation, the second-best option for traction batteries
would be the NMC 532 cathode chemistry. Although performing nowhere near NMC, LMO
achieves almost the same substitutability level as NMC 532. This is due to the significantly
lower costs of the raw materials, mainly owing to the cobalt-free composition. By taking
the weighting obtained from the expert interviews into account, NMC 111 is preferable for
utilization in traction batteries although it has higher cobalt content compared with NMC
622 and 811. This is contrary to the current trend. Both NCA cathode chemistries achieve
high and thus poor substitutability ratings, only surpassed by LCO.

As LFP achieved the second-best performance rating for stationary energy storage
systems (besides the best price and criticality rating), it is extremely well suited for this kind
of application. With the underlying weighting, LMO is ranked in second place. However, it
is to be expected that by individually increasing the weighting of the performance category,
NMC 111 and NMC 532 will outperform LMO as the preferable cathode chemistry. From
the assessed NMC derivates, NMC 811 receives the worst substitutability rating. While
NCA 9% scores slightly better than NMC 811, the low-cobalt-containing NCA (NCA 3%) is
placed a distant second.

Both the low-cobalt-containing NCA and NMC improved their performance score
for consumer electronics compared with stationary energy storage systems. Although all
other cathode chemistries were downgraded concerning the fulfillment of the performance
parameters, not much changed in the general ranking of substitutability. NMC 811 is to
be preferred to NMC 111 and NMC 622 but in total only ranks the fourth-best option
for consumer electronics. Once again, LCO is ranked last by far. This is interesting, as
LCO cathodes are currently commonly used for applications in the field of consumer
electronics [8].

The ranking for power and garden tools, as well as domestic appliances, is the same
as for consumer electronics, although all cathode chemistries fulfill the performance re-
quirements a little better than for consumer electronics (except for the NCA cathodes).

4. Discussion

Considering the three categories (criticality, price, and performance of the substitute),
the results prove the LFP cathode chemistry’s dominance in every field of application.
Even the additional evaluation with the adjusted price of the cathode materials shows the
same outcome. From a material perspective, LFP remains the cheapest cathode chemistry
(even when taking the price adjustment into account). Nevertheless, it has to be stated that
other publications assess either NMC or NCA as the cheapest option [62,76]. As this is not
justifiable considering the material prices, it is to be expected that optimized and efficient
production processes contribute significantly to the overall manufacturing costs of battery
cells (both NMC and NCA were scored with the highest “maturity score“ [62]). Differing
statements about the performance and costs of cathode chemistries result in uncertainties
concerning the substitutability assessment and also demonstrate the complexity of the
research field. This is identified as one of the reasons for the contradicting results of
this article with publications concerned with the future market shares of the discussed
cathode chemistries. Until recently, a significant decrease in the market share of LFP was
predicted [77,78]. Nevertheless, as Tesla announced the use of LFP batteries in at least a
few of their models [79], other car manufacturers might reconsider their current choice
of cathode material. This might eventuate in a renaissance of the LFP battery chemistry.
This article reveals the potential benefits of and argumentative enablers for this possible
future trend.

In the literature, NMC is predicted to become the predominant cathode chemistry in
the near future [8,77,78]. While this cannot directly be derived from the results presented
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in this article, at least one derivate of the considered NMC chemistries is in the top three
alternatives for every considered field of application. While being assessed with very good
scores in the performance category, the high price of the comprised materials prevents
a top overall scoring. As already discussed, this assessment might change by extending
the material perspective to the overall production costs of battery cells [62,76]. The NMC
chemistries with high cobalt material shares (NMC 111 and 532) are the only cathode
chemistries that could fare better than LFP by an alteration of the categories’ weighting
(a decrease/an increase in the importance of the price/performance, respectively). It
is interesting to see that the expected progress to nickel-rich NMC cathodes [8] cannot
be derived from the results of the present article. This is mainly due to their poorer
performance concerning the safety indicator. Additionally, the durability and maturity of
nickel-rich cathode chemistries are not yet on the level of battery generation 2a (NMC 111).
The resulting score in the performance category cannot be compensated for by respective
better scorings in the price category. Variances in the standardization of the category scores
(scaling from minimum to maximum instead of zero to maximum), as well as the separate
analysis of the NMC derivates (with neglection of the other cathode chemistries), result
in small alterations in the conclusions. NMC 532 remains the preferable and NMC 622
the least preferable NMC cathode. However, compared with the initial assessment, NMC
811 is scored with better substitutability than NMC 111 in two more fields of application
(traction batteries and power-/garden tools).

The market share of NCA batteries remains constant according to the literature [77,78].
However, this prediction is based on the assumption that Tesla will continue to use NCA
batteries to the extent they did at the time the respective literature was published [78]. As
stated before, Tesla introduced LFP batteries into its product portfolio in 2020. Hence, it is
to be expected that the market shares of NCA batteries will decrease in the future. This
agrees with the findings of the presented work, as the results suggest the substitution of
NCA in every field of application.

The unfavorable substitutability score of LCO is validated by the significant decrease
in the respective predicted market shares [77,78]. LCO cathodes are advised to be substi-
tuted in every field of application due to the significant amounts of cobalt in the material
composition of the cathode. Concerning the material shares, differing statements can be
found in the literature. However, by replacing the applied share (compare the results on
the elemental level), the supply risk, environmental impact, are social implications are
aggregated to the cathode-specific technology level. This is done by weighing the obtained
values by mass shares of the respective raw material (or precursor material) within the
considered cathode chemistries. This approach to calculating the criticality of material
compounds or products is accepted in the scientific community [30–32]. The material
compositions of the individual cathode chemistries can be obtained from Table 2. Thereby,
lithium and manganese are applied as different derivates for some cathode chemistries.
While lithium carbonate is used for NMC 111, NMC 532, NMC 622, LMO, and LCO [56,57],
lithium hydroxide is required for the nickel-rich cathode NMC 811, LFP, and the NCA tech-
nologies [57–59]. The NMC active material is comprised of manganese sulfate [57], while
for LMO manganese dioxide is applied [60]. The respective information is involved for
the environmental dimension. The indicators of the considered LCIA endpoint categories
are assessed in both a raw-material-specific and derivate-specific manner. As no dataset
exists for cobalt sulfate hexahydrate in the ecoinvent database [47], a mixed calculation
from sulfuric acid and cobalt based on stoichiometric calculations was conducted.

Table 2 contains more progressive values (1/3 Li2CO3 and 2/3 CoSO4); however,
the ranking concerning the overall substitutability score is not altered. This is due to
the fact that even then the cobalt share is still very high compared with the other cath-
ode chemistries.

A summary of the factors that increase the uncertainty in the results is presented in
the following. In addition, outlooks for potential further research are mentioned.
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The evaluation of the performance indicators is based on the acknowledged litera-
ture. Nevertheless, it has to be stated that the respective information is not consistent.
An example is the scoring of the safety indicator. While Zubi et al. (who we use as the
respective reference in this article) assess the NCA cathode as rather safe (1.5 points with a
scale ranging from 0 to 2) [62], Meeus estimates the safety of NCA as being the lowest [76].
However, the estimate of Zubi et al. is supported by other references [80]. Another example
of differing assessments can be observed for LMO cathodes. The costs, the energy, and the
durability are scored rather differently. Expert interviews could reduce uncertainties con-
cerning these aspects and are planned for further research. Additionally, the completeness
of the considered performance indicators could be verified on this occasion (for example:
is the temperature stability, which might be an important factor, especially for traction
batteries, sufficiently covered by the durability indicator?)

The scoring for many indicators is fundamentally dependent on the material shares.
As already discussed for LCO, differing statements concerning this aspect can be found
in the literature. Hence, the results presented in this article should be seen as approxima-
tions. Detailed assessments must be conducted with the actual material shares of cathode
chemistries utilized by the company that considers a substitution.

The price category has a relevant impact on the overall substitutability scoring of the
considered cathode chemistries in all five fields of application. This article focuses only
on the material prices and does not consider costs for the production of the battery cells
and the respective manufacturing infrastructure. This is identified as a potential reason
for partially significant differences between the price assessment in this article and the
consulted literature [62,76]. The utilization of phosphate rock as the underlying material for
the LFP price assessment is an inaccuracy worth mentioning. Due to this fact, an additional
scenario with higher cathode prices for LFP derived from the literature was analyzed.
Furthermore, the quality of historic data for the different cathode materials varies, which
constitutes another potential source of uncertainty.

Criticality assessments are highly dependent on volatile data (e.g., the enormously
increasing resources of lithium identified during the past few years). Consequently, critical-
ity scores vary depending on the underlying base year. Hence, it is advisable to conduct
such evaluations periodically. This is one of the reasons why the criticality of cathode
chemistries was assessed in this article even though there are publications concerned with
similar topics (compare [30,31]). In total, the criticality category has a relatively small
impact on the selection of substitutes, as the scorings of the individual cathode chemistries
do not differ significantly (with the biggest gap between LFP and LCO). This finding is in
agreement with the work of Helbig et al. [30]. The integration of social and environmental
aspects in addition to the dimension of supply risk does not change the result of small
differences in the overall criticality scoring between the considered cathode chemistries.

In total, the assessment model presented in this article generates reasonable results that
are consistent with the literature. Where this is not the case, the underlying reasons were
identified and discussed. The introduced approach to evaluating the substitutability of
LIB cathode chemistries is a basis for further research and sophistication. In particular, the
company-specific adjustment of underlying data (for the price and performance categories)
and the individual weighting of indicators and categories bear potential for increasing
the applicability of the approach in the industry. Until then, the presented results, based
on the described assumptions, provide a profound overview of the substitutability of
cathode chemistries. The prospects for further research include the revision of the selected
assumptions and the respective validation employing a broad expert survey. Particular
focus in this regard should be put on the price category. The present article focuses on
the material perspective. Hence, the applied indicators take the costs for the utilized
raw materials into account and neglect the accompanying costs for producing the final
composite material of the cathodes. The impact of a change from a raw material to a
composite perspective in the price category should be analyzed in detail in further research.
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This study did not involve a detailed sensitivity analysis but investigates the impact of
an alteration in the selected indicators. Monte Carlo simulations are widely applied in the
literature in order to conduct sensitivity analyses in the context of criticality assessments.
The application of this method to the presented approach to assessing the substitutability
of cathode chemistries should also be part of further research.

Finally, other cathode chemistries could be added as potential substitutes. Examples
include blends (e.g., LMO/NMC) that are likely to obtain a considerable market share in
the foreseeable future [63].

5. Conclusions

This article provides a decision support model for increasing the sustainability of prod-
uct portfolios. For this purpose, the substitutability of products and material compounds is
assessed based on the material criticality, performance, and price of the substitute. Thereby,
the state of the art is compared with potential substitutes. The approach involves a variety
of selected and relevant indicators to enable the derivation of the individual benefits and
disadvantages of each evaluated option.

For validation, the developed methodology was applied to state-of-the-art LIB cathode
chemistries (NMC 111, NMC 532, NMC 622, NMC 811, NCA 3%, NCA 9%, LMO, LFP, and
LCO) as LIBs are some of the most relevant emerging technologies in the debate on future
material availability. The assessment was conducted in a use-case-specific manner (traction
batteries, stationary energy storage systems, consumer electronics, power-/garden tools,
and domestic appliances). The outcomes show that LFP is the preferable cathode chemistry
while LCO obtains the worst rating for all fields of application. The ranking based on
the substitutability score of the other cathode chemistries varies per field of application.
NMC 532, NMC 811, NMC 111, and LMO are to be regarded as recommendable types
of cathodes.

The obtained results agree partially with predictions concerning future market shares
of LIB cathode chemistries. Deviations are to be examined in further research. Potential
causes, as well as options for improving the introduced methodology, are identified in
this article. The main reasons for potential uncertainties are the applied assumptions
concerning the price and performance categories. The price indicators are material-specific
and based partly on historical data. It remains to be determined whether the applicability
of the considered data is the same for each assessed material as well as whether a switch
to cathode-chemistry-specific (instead of material-specific) prices would be feasible. The
results concerning the category “performance of the substitute” could be refined and
qualified by a further expert survey.
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.3390/resources10090087/s1, Figure S1: Questionnaire for the AHP, Table S1: Raw material criticality
of LIB cathode chemistries, Table S2: Raw material criticality of LIB cathode chemistries, normalized
on a scale from 0 to the maximum value, Table S3: Performance of cathode chemistries, Table S4:
Importance of technical criteria/indicators per field of application, Table S5: Weighted performance
of cathode chemistries for selected fields of application, normalized on a scale from 0 to the maxi-
mum value, Table S6: Price information—raw material level, Table S7: Price information—cathode
chemistry level, Table S8: Price of cathode chemistries, normalized on a scale from 0 to the maximum
value, Table S9: Consulted experts for the AHP, Table S10. Consulted experts for the AHP-process.
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