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The transition to a decarbonized economy will drive dramatically higher demand
for energy storage, along with technological diversification. To avoid mistakes
of the past, the supply chain implications and environmental and social justice
(ESJ) impacts of new battery technologies should be considered early during
technological development. We propose herein a systematic framework for
analyzing these impacts for new stationary battery technologies and illustrate
the framework with a case study. The goal is to promote future development
of technologies with secure supply chains and favorable ESJ profiles to avoid
expensive corrective actions after substantial resources have been invested. This
framework should be a useful tool for public and private researchers and sponsors
who want to ensure that supply chain and ESJ concerns are considered and
integrated as part of decision making throughout the research and development
process.
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1. Introduction

The transition to a decarbonized economy is expected to drive dramatically higher demand
for energy storage (National Academies of Sciences, 2021). The International Energy Agency
(IEA, 2022a) projects that—under current policies—global storage demand will grow from 71
to 5,200 GWh between 2020 and 2050, while U.S. storage demand will grow from 15 to 1,500
GWh; in a net-zero case, the demands are about three times higher. About 90% of this energy
storage demand is needed to satisfy the lithium-ion battery (LIB) market, which is currently
dominated by electric vehicles (EVs) (IEA, 2022a). However, the smaller stationary energy
storage market also relies mostly on LIBs (Sandia National Laboratories, 2023).
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Developing new battery types is crucial for meeting future
demands, particularly for stationary applications. The operating
conditions and performance requirements of stationary applications
are much more diverse than those of EVs. It is unlikely that any one
storage solution could optimally satisfy stationary and mobile needs,
so purpose-driven storage designs are required (Trahey, 2020). In
addition, safety issues related to LIBs may be of concern for stationary
applications (Huang and Li, 2022), and current LIBs are generally not
cost-effective for long-duration energy storage (10h or more)
(Tuttman and Litzelman, 2020; Wood Mackenzie, 2022). Further, the
pressure on LIB supply chains and prices due to soaring EV demand
should motivate the search for alternative stationary
storage technologies.

Supply chain issues for LIBs have been studied extensively and
have identified supply chain concerns for a range of materials used in
commercial battery technologies, including lithium, cobalt, nickel,
vanadium, and manganese (White House, 2021; [EA, 2022b; Mann,
2022; MIT, 2022). Concerns include the concentration of critical
materials in a few locations, foreign control of refining and developing
cathode precursors and natural graphite anodes, and instability of the
primary cobalt supplier. These supply chain studies occurred
predominantly after the LIB technologies were already in the market.

The social and environmental impacts of existing battery
technologies were also studied after deployment. Life cycle assessments
(LCAs) have identified the contribution of battery production steps to
environmental impacts (e.g., Liu et al., 2015; Peters et al.,, 2017; Arshad
et al,, 2022; Das, 2023). Studies have shown high fatality rates and
child labor associated with cobalt mining in the Democratic Republic
of the Congo, health impacts from the production of intermediate
compounds such as cobalt and nickel sulfates, and harmful emissions
of lithium and lead into ecosystems and communities (e.g., Shanika
et al., 2013; Ericson et al., 2016; Bolan et al., 2021; Murdock et al.,
2021; Arvidsson et al., 2022). Owen et al. (2023) found that over 70%
of mining activities for the top 17 energy transition minerals were
among Indigenous and/or low-income community areas.

Circular economy strategies have also lagged battery deployment.
Not until 1995, for example, did the U.S. begin implementing lead acid
battery (LAB) recycling requirements (Turner, 2022). The LAB
recycling rate is now 99% in the U.S. and other Western countries
(ILA, 2021). Rates are much lower in developing countries, which
have commensurate environmental and health problems (e.g., WHO,
2017). LIB recycling is in its infancy but has shown promise in
reducing life cycle impacts compared with virgin production
(DOE, 2023).

To avoid mistakes of the past, the supply chain implications and
the environmental and social impacts of new battery technologies
should be considered early during technological development.
We propose a systematic framework to analyze the impacts of new
stationary battery technologies. Supplementary Figure S1 illustrates
the interconnected analyses needed in the proposed framework.
The goal is to promote the development of technologies with secure
supply chains and favorable environmental and social justice (ES])
profiles and to avoid expensive corrective actions after substantial
resources have been invested. Although many other characteristics
are important for technological success, identifying a diverse slate
of potentially abundant materials with limited negative impacts is
a critical first step toward satisfying future energy storage
system needs.
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2. Framework for early-stage
E(g)gsideration of supply chains and

In our framework—which brings together decades of experience
conducting technoeconomic, life cycle ESJ, and supply chain
analyses—supply chain and ES]J considerations are analyzed in concert
with the development of new battery technologies at early technology
readiness levels (TRLs) (Figure 1; Supplementary Figure 52). At all
stages of research, sensitivity analyses are regularly conducted to
understand factors that dominate impacts, informing potential shifts
in research. At TRL 1, the battery development team identifies
promising future battery materials (FBMs), the ES] analysis focuses
on impacts from mining only, and the supply chain analysis focuses
on identifying FBM locations, reserves, and resources. Thus, the
researchers can assess tradeoffs between FBM technical benefits and
their supply chain and ES] impacts at an early stage, along with
potential alternatives.

At TRL 2, the development team identifies potential battery
components (e.g., cathodes) and compiles preliminary technical
information, such as specific energy density. The supply chain analysis
focuses on the sufficiency of reserves based on reported technical
performance. The ES]J analyses are based on demands from the supply
chain, including the refining stage. Toxicity is evaluated by comparing
it with standard toxicity lists. The circular economy is assessed by
determining if processes exist to recover and recycle the components
and/or FBMs.

At TRL 3, other components are identified (e.g., electrolyte,
separator), preliminary performance characteristics (e.g., operating
range) are demonstrated, and battery lifetime is estimated. A
preliminary techno-economic analysis (TEA) provides information
about raw materials and manufacturing processes required, which are
used to identify social and socioeconomic risks related to the future
products supply chain. Locations of recycling facilities can
be included, as well as the identification of potential recycling
processes and secondary uses for materials and components.
Information about where it is most economic to extract and process
materials based on the TEA and supply chain information can
be used to perform LCA to identify potential positive (e.g., job
growth) and negative (e.g., environmental degradation) impacts on
relevant communities.

At TRL 4, a lab prototype is used to demonstrate system
performance under various conditions. Analyses of expected battery
lifetime, other performance characteristics, and suitable applications
are refined, and the bill of materials is developed. With this
information, TEA and LCA are refined to include recycling and/or
reuse impacts.

The following subsections discuss our initial proposed supply
chain and ES]J analyses. Section 3 illustrates the framework with a case
study covering TRL 1 and TRL 2.

2.1. Supply chain

Supply chain analyses encompass each part of the battery
technology life cycle. The upstream sector includes material extraction
and upgrading of minerals into refined chemical precursors for the
batteries. The midstream sector covers development of subcomponents
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Framework for concurrent supply chain and ESJ assessments at early TRL stages during future battery development.
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such as the cathode, anode, separator, and electrolyte. The downstream
sector encompasses manufacturing of battery cells and packaging into
packs, racks, and other systems. Finally, end-of-life steps include
battery reuse or recycling into new batteries. Here we describe several
supply chain assessments.

2.1.1. Specific energy density

Specific energy density characterizes the battery energy storage
capacity by mass (kWh/kg) and, along with battery chemistry, can
be used to calculate the amount of each element needed to meet a
specific energy storage demand. These data can be estimated from
literature values, typically as per kilogram of battery, per kilogram of
active materials, or a generic “per kilogram” In per-battery or
per-kilogram terms, other information—such as bill of materials,
typical concentrations of catholyte in flow batteries, and/or economic
analyses of batteries—can be used to derive the amount of FBM used.
Finally, the specific energy density can be converted to kWh/kg of
reactants using the battery chemistry. See Supplementary Figure 53
for more information.

2.1.2. Reserves, resources, and production

Global and regional reserves, resources, and production are used
to assess the availability of mineral resources (USGS, 2022). In general,
reserves estimate the amount of minerals that can be economically
extracted currently, and resources estimate the amount that can
be extracted in the future with different technology and economic
circumstances. The material required is compared to the global or
domestic reserve or resource to determine if there is enough material
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to sustain potential future battery production. The current global
production is also compared to the global reserve to determine the
time that the reserve will last under current extraction rates. Finally,
the supply growth rate required to meet the new demand can
be compared to the current growth rate and/or demand.

2.1.3. Market concentration

Market concentration indicates the level of competition in the
market. One measure of market concentration is the Herfindahl-
Hirschman Index (HHI) (Hirschman, 2018), which can be used to
evaluate the competitiveness of the mineral market supply. Lower
competition in a market incurs a higher supply risk, while a more
competitive market has higher diversity in materials sourcing,
increasing the market’s resilience. HHI is a function of the market
share of each firm, in this case country (n):

n
HHI =Y (MS;)’
i=0

HHI results are classified into three market types: unconcentrated
(HHI<1,500), moderately concentrated (1,500 <HHI<2,500), and
highly concentrated (HHI>2,500) (Calkins, 1983).

2.1.4. Critical minerals

The U.S. Energy Act of 2020 defines a critical mineral as a non-fuel
mineral or mineral material essential to economic or national security
that has a supply chain vulnerable to disruption (U.S. Congress, 2021).
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The full methodology for determining critical minerals is outlined in
Nassar and Fortier (2021).

2.2. Environmental and social justice

Our ESJ framework leverages guidance from the literature to
identify ESJ hot spots at early TRL stages and provide a high-level
quantitative analysis of the potential impacts of technology
deployment (Huijbregts et al., 2016; EPA, 2023). At TRL 1, we use two
ESJ metrics based on LCA of FBM mining and extraction of primary
ores only: disability-adjusted life years (DALYs) to measure human
health impacts (years lost or impacted from diseases or accidents) and
the ReCiPe method to measure terrestrial ecosystem damage (yearly
loss of species) (Huijbregts et al., 2016). Supplementary Figures S4-56
provide results on the contributing geo-specific and prospective
impacts. At TRL 2, we identify whether potential chemistries for the
anode and cathode are hazardous or toxic based on the Toxic
Substances Control Act (TSCA) inventory (EPA, 2023). As research
progresses to the next TRL stages, ESJ analyses build on analytical
results from previous TRLs and become more targeted, with increased
detail to identify potentially impactful materials or activities based on
a full suite of environmental and social impacts.

2.3. Circular economy

The circular economy maintains a circular flow of resources by
regenerating, retaining, or adding to their value while contributing to
sustainable development (ISO, 2023). Designing for circularity
includes product performance, durability, repairability, recyclability,
and avoiding the use of hazardous substances (UNECE, 2023). In this
way, circular economy strategies can help improve both supply chain
and ESJ considerations.

The circular economy strategies evaluated and the depth of their
evaluation vary by TRL. At TRLs 1 and 2, an evaluation could focus
on product manufacturing, use, and material recovery to consider if
the product is needed, the presence of hazardous or toxic substances,
and material recyclability. As the research progresses, circular
economy strategies for longevity come into play. Material flow analysis
and LCAs are two methods used to quantify the impacts of circular
economy strategies, beginning at TRLs 3 and 4.

3. Applying the framework—A case
stuay

A case study illustrates how our proposed framework could
be used to analyze supply chain and ES] factors during early stationary
battery development. Potential elements are identified at TRL 1, which
informs selection of potential cathode and anode materials to
be evaluated at TRL 2.

3.1. Evaluation at TRL 1: basic research

At TRL 1, we screen 27 promising FBMs using supply chain and
ES] parameters; Supplementary Table S1 includes a complete list of
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battery types and chemistries considered. We use a stoplight diagram
to compare numerous disparate parameters (Figure 2). Multiple
parameters are aggregated into three categories: combined global
supply chain indicator (world reserves, years to economic depletion,
and HHI), combined domestic supply chain indicator (U.S. reserves
and percent reliance on net imports), and combined ESJ indicator
(DALY and terrestrial ecosystem damage). The subcomponents of
each indicator are averaged—each having an equal weight—and color-
coded. In Figure 2, values denoting relatively minor or desirable
impacts are at the blue end of the color spectrum, values denoting
relatively major or undesirable impacts are at the red end, and values
in between are in light blue, yellow, and orange. For ESJ impacts,
we compare only mining and extraction of the primary ores for the
selected elements, owing to the lack of data and uncertainty in
battery chemistry.

Now, promising (blue end of the spectrum) and unpromising
(red end) elements can be identified. Elements such as silicon,
sulfur, chlorine, and sodium appear promising. Elements such as
tin, cobalt, niobium, and bismuth appear particularly unpromising.
However, it is unlikely any element would be summarily dismissed
based on this assessment alone, because potential technical benefits
and specific applications have not been considered. Instead, the
analysis at TRL 1 provides a starting point for incorporating supply
chain and ESJ considerations into future battery research and
impetus to mitigate inordinately negative impacts or explore
alternatives. The analyses at subsequent TRLs build upon
this foundation.

3.2. Evaluation at TRL 2: technology
formulation

At TRL 2, researchers begin to identify specific components (e.g.,
cathodes) of potential batteries, so analysts can begin evaluating
impacts based on component manufacturing processes, performance,
toxicity, and so forth. To demonstrate the framework at TRL 2,
we analyze the components of a battery with relatively favorable
elements (no red designations) from Figure 2: a BrCl battery with an
aluminum anode. Supplementary Figure S7 shows the analysis
boundaries between TRL 1 and TRL 2. Information on the production
process of BrCl cathodes was unavailable, so we analyzed chlorine and
bromine purification/refining separately. Data on detailed production
processes at TRL 3 would improve these estimates but are beyond the
scope of this simplified case study.

Supplementary Table S2 lists the TRL 2 analysis results, and
Supplementary Tables S3-512 show the data and calculations. The
supply chain analysis for BrCl-Al shows that the U.S. demand for
aluminum and bromine would be very high relative to U.S. reserves,
but global demand for all materials would be very low relative to
global reserves. These preliminary results are only indicative, as the
numbers in the table assume both a maximum theoretical specific
energy density—775Wh/kg (Cao et al., 2020)—and that BrCl-Al
batteries would meet the entire grid storage demand. In TRL 3, these
calculations would be refined to capture impacts more accurately by
matching the expected technical performance in other areas (e.g.,
lifetime, response) to suitable applications (e.g., peaking). Sensitivity
analyses are critical for mitigating the impact of uncertainties in the
assumed input data.
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FIGURE 2

Stoplight diagram of FBMs. The environmental impacts of bismuth and vanadium extraction are unavailable in the ecoinvent 3.8 database (ecoinvent,
2023) used for this analysis because these elements are minor byproducts from extraction of other materials.

Our ESJ analysis suggests that two-thirds of the estimated human
health and ecosystem impacts from BrCl-Al batteries relate to bromine
production. Aluminum production accounts for a quarter of those
impacts, and chlorine production accounts for the remaining 7-8%.
Bromine and chlorine are also active on the TSCA inventory. The
relative impacts of aluminum and chlorine illustrate the insights
provided by analyses at multiple TRLs. For the extraction activities at
TRL 1, the human health and ecosystem impacts of chlorine and
aluminum are somewhat similar (Figure 2). However, once the
BrCl-Al battery chemistry is defined and the production processes
analyzed at TRL 2, aluminum exhibits less favorable impacts. This is
because aluminum produces more impact per unit, contributing only
5% of the mass but 25% of the impact.

The absolute values of human health and ecosystem impacts
require additional context. All industrial activities entail such negative
impacts, and clean energy technologies also can produce positive
health and ecosystem impacts by offsetting impacts from more
polluting alternatives. As a frame of reference, unregulated LAB
recycling was associated with 127,248-1,612,476 DALYs in 2013
(Ericson et al., 2016). In addition, the distribution of impacts must
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be considered. ESJ issues are magnified if health and ecosystem
impacts fall inordinately on a few areas. In any case, impacts must
be evaluated in comparison to alternative technologies to identify the
least impactful solution.

Finally, the circular economy status of each component must
be considered. Aluminum already has a robust recycling industry, and
in 2020 the global recycling efficiency rate was over 75%. Aluminum
recycling requires only 5% of the energy used to produce primary
aluminum (Aluminium Recycling, 2023). In contrast, no recycling
processes exist for bromine or chlorine.

As a comparison with the BrCl-Al results, Supplementary Table 52
also lists the TRL 2 analysis results for another battery chemistry with
generally favorable aspects in Figure 2: an SiF, battery with an
aluminum anode. Supplementary Tables S13-519 show the data and
calculations. This analysis provides detail on the potential supply
chain issues for fluorine and aluminum. In addition, it shows the
importance of accounting for the ES] impacts of material production
steps at TRL 2. For example, extraction-related ES] impacts are
greater for bromine than for silicon (Figure 2), but production-related
ES] impacts for silicon than for bromine

are greater
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TABLE 1 Data availability and uncertainties for TRL Stages 1-4.

Status of battery Available Data

development

10.3389/frsus.2023.1287423

Issues, difficulties,
concerns

Significant unknowns

1 Basic Research | Identifying future battery Elements for future batteries Battery performance, material Battery chemistries with superior
materials requirements, process inputs performance (e.g., energy density)
could be excluded prematurely
due to resource or toxicity
concerns
2 Technology Identifying future battery Potential anodes and cathodes, Actual performance, lifetimes, Actual performance is unknown,
Formulation component (anode- theoretical energy density, measured side reactions, CAPEX, OPEX and specifically issues such as side
cathode) chemistries energy densities from literature reactions that limit lifetime or
decrease actual performance are
unknown
3 Proof of Using laboratory measures Actual energy density from lab, CAPEX, OPEX, operation in Unknown economic and
Concept to validate predictions lifetime estimate, electrolytes real-world conditions environmental viability
4 Lab Prototype Validating a lab prototype Bill of materials, manufacturing loss, Ability to operate continuously at | Unknown potential for scale-up
efficiency loss, operation loss, etc. similar scale

(Supplementary Table 52). This example shows how the analysis
framework can be used to compare battery chemistries at an early
stage. However, significant uncertainties remain at this stage, as
discussed in Section 4, and the preferability of one battery type over
another cannot be determined definitively. Rather, such a comparison
adds another dimension to the iterative evaluation of potential battery
chemistries that continues to be refined as research progresses along
TRLs. Note that, for this initial sketch of an analysis framework,
we only developed a scoring system for TRL 1 (Figure 2, the stoplight
diagram). Scoring systems could also be developed for other TRLs to
facilitate comparison of alternatives.

4. Discussion

It is important to develop novel battery chemistries that can meet
growing energy storage demand in a wide variety of locations and
applications—and to do so in a sustainable, just, and environmentally
responsible manner while ensuring secure supply chains. Potential
issues can be mitigated by aligning technology development with
supply chain and ESJ concerns as early as possible. In addition, early
identification of problematic technologies can provide financial
benefits by preventing investments in ultimately unacceptable
technologies or spurring early changes so the technologies can
become acceptable.

We outline a framework for scientists developing novel grid
storage batteries at the lab scale. The framework is meant to help
researchers develop new batteries more effectively through early
identification and mitigation of potential supply chain and ES] issues.
It applies equally well to government-sponsored and industrial
research and is useful for public and private funders who want to
ensure supply chain and ESJ concerns are integrated with the
development process, rather than an afterthought. For example, the
framework could be incorporated into initiatives like the Justice40
Initiative, which is driving the inclusion of ESJ criteria into federally
funded research opportunities in the United States, as well as public
and private efforts to achieve United Nations Sustainable Development
Goals (United Nations, 2023).

Frontiers in Sustainability

Our framework employs a staged approach, which helps account
for the uncertainty surrounding data on battery performance,
manufacturing process data, and material requirements. Table 1 shows
data availability and uncertainties for TRL stages 1-4. For
example, at TRL 1, material requirements, battery specific energy
(Supplementary Figure S3), and process inputs for manufacturing
cathodes and anodes can be uncertain. Therefore, the high-level and
streamlined analysis conducted at this early research stage provides
only broad directions related to the supply chain and ESJ. As more
precise data become available at further TRLs, the analysis becomes
more detailed. Sensitivity analysis across a range of input values
mitigates uncertainty by clarifying the relative importance of different
factors and the areas that require greater attention or refining. In our
simplified and partial case study, analysis at TRL 1 (extraction) suggests
that bromine, chlorine, and aluminum have relatively favorable supply
chain and ESJ impacts. However, the picture becomes more complex
at TRL 2 (refining and processing). As the potential chemistries are
further developed at TRL 3 and TRL 4, the analyses would be refined,
and the tradeoffs quantified and compared with greater confidence.

At early TRLs, critical technology performance data are
preliminary or even theoretical. The supply chain and ESJ analyses are
only as good as the available data, and comprehensive data are difficult
to obtain at early TRLs. This data challenge can be addressed by
analyzing the sensitivity of supply chains and ESJ impacts to uncertain
battery chemistry parameters. The results may be directional rather
than comprehensive during early research. There is also a need to
analyze tradeoffs among technology options at various developmental
stages, capturing the drawbacks and benefits of a new technology
compared with incumbent technologies and other novel options.
We hope our proposed framework stimulates further interest in and
elaboration of analyses that integrate supply chain and ESJ
considerations at the early stages of research.
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