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SUMMARY

Decarbonization plans depend on the rapid, large-scale deployment of batteries to sufficiently decar-
bonize the electricity system and on-road transport. This can takemany forms, shaped by technology, ma-
terials, and supply chain selection, which will have local and global environmental and social impacts. Cur-
rent knowledge gaps limit the ability of decision-makers to make choices in facilitating battery
deployment that minimizes or avoids unintended environmental and social consequences. These gaps
include a lack of harmonized, accessible, and up-to-date data on manufacturing and supply chains and
shortcomings within sustainability and social impact assessment methods, resulting in uncertainty that
limits incorporation of research into policy making. These gaps can lead to unintended detrimental effects
of large-scale battery deployment. To support decarbonization goals while minimizing negative environ-
mental and social impacts, we elucidate current barriers to tracking how decision-making for large-scale
battery deployment translates to environmental and social impacts and recommend steps to overcome
them.

INTRODUCTION

Decarbonizing global energy systems entails two concurrent transitions: (1) The displacement of fossil-fuels in the energy supply with renew-

able or zero-carbon fuels and energy carriers, particularly electricity, and 2) the electrification of energy end-use applications that have his-

torically depended on direct fossil fuel combustion. Regional plans for electricity system decarbonization for the United States (US),1,2 and

Europe3,4 typically project the need for multifold increases in battery energy storage to maintain electricity service reliability. Scenarios for

decarbonizing the US economy such as the Princeton Net Zero America study2 project the need for a 27-fold increase over 2021 levels5

by 2050. The EuropeanUnion (EU), within its NewGreenDeal supported by investments of 600 billion Euros, aims at reducing net greenhouse

gas emissions by at least 55% by 2030 (compared to 1990) and reaching a net-zero carbon emitting economy in 2050.6 The estimated total

power capacities of the energy storage fleet to achieve these goals are 200 GW by 2030 and up to 600 GW by 2050.7 As batteries are consid-

ered key to reaching these ambitious climate action targets, they are among the focus sectors of the European Commission’s new Circular

EconomyAction Plan8 and the EuropeanUnion Battery Passport,9,10 with the objective that batteries placed on the EUmarket should become

sustainable, high-performing and safe across their entire life cycle.

Simultaneously, broader plans to decarbonize regional economies also depend on turning over the stock of on-road vehicles from gas-

oline and diesel powertrains to battery electric vehicles, particularly in the light- andmedium-duty sectors. In the US alone, scenarios from the

Princeton Net Zero America study project requirements of roughly 2,270 GWh of lithium-ion battery capacity for land transport, a 38-fold in-

crease over the 60 GWh of capacity embedded in BEVs sold between 2010 and 2020.11 In the EU, from 2035 on all new light duty vehicles put

on the EU market must be zero emission cars, with a volume of over 11 million vehicles (annual registrations of light duty cars and vans were

11.4 million in 2021).12 Globally, total battery capacity put on the road in light-duty EV in 2050 is projected to be between 6 and 12 TWh,13 with

a total installed battery capacity of over 50 TWh.14
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The development and use of a robust evaluation framework, including sustainability assessment and rigorous decision-making processes

for stakeholders involved battery deployment is critical for pre-emptively minimizing negative environmental and social impacts of new en-

ergy technologies. There are numerous historical examples of perverse outcomes for technologies deployed for environmental benefit lead

to high social and environmental impact. For example, the rapid deployment of biofuels under US and EUmandates in the late 2000s led to, at

worst, increases in GHG emissions or at best small reductions in emissions relative to petroleum fuels, while causing deforestation and food

price spikes. In the lithium-ion battery supply chain, the rapid development of cobalt supply chains first for portable electronics and power

tools and later for large format energy storage applications was linked to child labor exploitation in the Democratic Republic of the Congo

(DRC) prompting manufacturers to develop traceability protocols in tandem with smelter certifications to ensure supply chains did not

did contain production using child.15–17 Aluminum supply chains for automobiles–where its used in everything from engine blocks to battery

foils– have been linked to forced labor and human rights abuses in Xinjiang, China, which could result in exclusion from markets with import

restrictions on forced labor or that require documentation for traceability.18 A lack of end-of-life management consideration too could result

in environmental impacts. Without adequate end-of-life management for lead-acid batteries, for example, lead pollution from improperly

disposed system can cause local environmental impacts. Even where a comprehensive collection and recovery program for lead-acid batte-

ries is in place, lead pollution from recycling facilities is still present in local communities. Lead-acid batteries are currently required for most

automobiles, including plug-in hybrids, and battery recycling facilities have been linked to major lead contamination in environmental justice

communities in Southern California.19–21 These impacts show the importance of pre-emptively thinking of the entire product life cycle in sus-

tainability assessment.

While regulation tries to direct the technology deployment toward sustainability criteria, these are often falling short, partially because

reliable information about potential negative impacts is lacking and technology development runs on ahead of regulation. In the EU, the

recently published Battery Regulation22 sets cutting-edge standards for battery sustainability, relying strongly on life cycle assessment

(LCA), a standardized approach for quantifying potential environmental impacts of products or services along their entire life cycle.23However,

the Battery Regulation only requires the declaration of a carbon footprint, disregarding other environmental impacts and leaving social im-

pacts out of scope. While other legislative pieces are available on several of these aspects, such as the Critical RawMaterials Act (requiring a

minimum share of EU-sourced materials to be used)24 or the proposal for a Directive on Corporate Sustainability Due Diligence25 (obliging

companies to address negative environmental and societal impacts of their activities, including in their value chains inside and outside

Europe), these are very broad in scope and fail to address battery-specific aspects. Similarly, while batteries have to declare their carbon foot-

print in future, EU vehicle emission standards only account for tailpipe emissions, considering EV as zero emission no matter the carbon foot-

print of their battery.26,27 Their power for driving a sustainable but rapid deployment of batteries is therefore comparably limited.

A framework for decision support can assist the diverse set of decision-makers that will influence the way additional battery capacity will be

deployed. These choices will translate, for better or worse, to environmental and social impacts on different populations and demographics.

Here, we use the term ‘‘decision-maker’’ to collectively refer to the set of organizations that can make decisions which influence the environ-

mental or social impacts of battery energy storage rollout in supporting a clean energy transition. For example, governments can make man-

dates or incentives which influence battery supply chain characteristics, battery manufacturers can make material procurement or design

choices that affect environmental and social impacts, and customer groups can make decisions on standards for procurement that influence

demand. An example of major decision-makers as referred to in this perspective is provided in Table 1.

The rapid deployment of battery capacity involves choices that includebut are not limited to the selection of battery technologies and their

chemistries to be deployed in each application, the sourcing of battery materials based on different technologies, the processes used in bat-

tery manufacturing, use, and end-of-life handling, and the location of industrial processes. Depending upon the context, choices in these

areas are made by different decision-makers, such as regional and local governments, battery manufacturers, raw material suppliers, system

integrators, recycling companies, energy producers, and energy storage owners and operators. Those choices can result in widely varying

magnitudes of environmental and social impacts and their distribution between populations. Further, the extent of engagement of local com-

munities who may be detrimentally affected by these choices will also affect the environmental and social impacts of rapid battery

deployment.28

Here, we summarize the key challenges and recommendations for steps to overcome them on the way toward an adaptable evaluation

framework for decision-makers involved in the rapid deployment of batteries. This work is the result of a 3-year project funded by the

University of California Office of the President entitled ‘‘Maximizing the Environmental Utility of Battery Storage’’ led by the University of

California – Irvine, Davis, Santa Barbara, and Los Angeles campuses, with substantial input from government, industry, community, and ac-

ademic stakeholders, aimed at understanding how to facilitate a more environmentally and socially responsible deployment of battery tech-

nologies. A list of entities that participated in the workshops is provided in the Supplemental Information, Table S1. This effort consisted of

four multi-stakeholder workshops focusing on different themes of data quality and availability, the state and limitations of assessment

methods, decision-making, and policy. Each workshop will be described in brief in the relevant topical section of the manuscript. We present

this framework by first describing the key challenges for enabling robust sustainability assessment and decision support for different decision-

makers, then detailing the mechanisms for overcoming them.
Current limitations in impact assessment methods for supporting decision-making in battery deployment

We identify challenges in three key areas that currently limit the ability of decision-makers in the battery value chain – for example, raw

material suppliers, battery manufacturers, recycling companies, energy storage owners and operators (such as utilities), regulators, and
2 iScience 27, 109898, June 21, 2024



Table 1. Major decision-makers influencing battery sustainability

Decision-Maker Type Potential types of decisions made Potential influence on battery sustainability

Federal, State, or Local Lawmakers � Establishes mandates for supply chain
characteristics for procurement by
government agencies or deployment
in a regional market.

� Sets direct or indirect laws or goals
specifying timelines for deployment
of battery technologies.

� Reviews applications for siting or
use of battery technologies

� Decides on incentives or funding
for battery production and deployment.

� Sets the pace of battery supply chain
development and scaling.

� Requires, incentivizes, or otherwise
affects specific sustainability
characteristics for the battery supply chain.

Government Agencies (i.e., public utility

commission; environmental, commerce

or energy regulatory agencies)

� Issues regulations or standards
governing deployment and
performance of battery technologies.

� Enforces and verifies compliance
with laws and regulations.

� Develops and administers incentive programs.

� Implements regulations aimed at
promoting supply chain sustainability.

� Sets standards that require, encourage,
or otherwise affect sustainability
characteristics of battery supply chains

Battery Manufacturers and Designers � Determines specific designs for
battery products.

� Selects materials to be used in
battery technologies based on
product design.

� Selects raw material suppliers to
procure necessary materials needed
to produce their products.

� Selects manufacturing methods
for producing their products

� Makes design choices that determine
demand for specific materials.

� Can drive demand for materials from
suppliers with specific sustainability
characteristics.

� Makes design choices that determine
environmental and social impacts
from battery production.

Battery System Integrators (i.e., Utilities,

Automakers, Developers)

� Sets performance and cost
requirements for batteries to
meet their applications.

� Makes procurement decisions for
battery technologies to meet
mandated or voluntary goals.

� Application-specific performance and
cost requirements influence demand for
specific battery types and associated materials.

Materials Suppliers � Determines where, how, and from
whom raw materials for batteries
are procured.

� Influences where and how mining
projects are built and associated impacts.

Non-Governmental Organizations � Advocates for policy, standards, or
certifications influencing battery
supply chain configurations.

� Influences the specifics of policy or
standards implemented by governments
and other decision-makers
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policymakers – to better predict how their decisions can translate to potential environmental and social impacts. These challenges include

(1) gaps in the quality and availability of data needed to characterize certain impacts, (2) limitations in the scope of life cycle-based

sustainability assessment methods, and (3) limitations in decision-making approaches regarding battery deployment and life cycle

management.

Gaps in the quality and availability of data

Many stakeholders will make choices affecting battery design, production and deployment, whether it is a battery manufacturer selecting

among candidate electrodematerials, a battery storage project developer choosing between different battery technologies, or regional gov-

ernment agency setting battery storage procurement standards. While the decision options available and associated trade-offs may differ,

any sustainability assessment of such decisions begins with access to data. The limitations imposed by the lack of availability of high-quality

data on certain characteristics of a battery’s life cycle was the focus of the first project workshop held at UC Irvine in April 2019. Here, academic,

government, and industrial stakeholders discussed major knowledge gaps regarding our understanding of the characteristics of a battery

technology’s life cycle and what the implications of those gaps were for avoiding detrimental impacts. Workshop attendees identified

that a common themewas the lack of consistent, accessible, and high-quality data on the physical and social characteristics of different stages

in battery technology life cycles. While challenges regarding life cycle inventory (LCI) data are not fully unique to batteries, these challenges

do affect the ability of decision-makers to make decisions that more confidently improve environmental and social outcomes.

The first gap relates to timeliness and relevance based on data vintage. The data must characterize the material and energy flows across

the relevant technology across its entire life, including battery production, use, and end-of-life. To this end, LCI datasets are typically gener-

ated and used as input for LCA. When the LCI of a battery is developed, the data collected reflect a snapshot in time. Battery technologies,

however, can rapidly change due to technological breakthroughs in performance and cycle life, shifting material use and sourcing configu-

rations, and design revisions to overcome new issues that are discovered. For example, lithium-ion battery cell gravimetric energy densities

increased two to 3-fold between 2010 and 2020,29–31 reducing the total amount of materials used in battery manufacturing per-unit and
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associated environmental impacts. Production scales, automated manufacturing and process streamlining, and shifting geographies of pro-

duction can also reduce the material and energy consumption associated with battery production.32 Therefore, LCIs of lithium-ion batteries

developed more than five years ago would not reflect these advances and would not offer an up-to-date understanding of the technology’s

life cycle impacts or where further improvement is needed. Assessments of environmental and social impacts using an old LCI may imply is-

sues that the state-of-the-art of the technology or practicesmay have already resolved, while also limiting our understanding ofmore contem-

porary issues with the technology.

The second gap is a lack of consistent data upkeep andmaintenance.Once data are collected, the upkeep of LCIs for battery technologies

is not performed at regular intervals. This means that the vintages of battery technology LCIs (referring to the year when the data comprising

the LCI were collected) could be outdated and are likely to be inconsistent among different battery technologies. For battery technologies

that are emerging or have not yet received as much academic or industrial attention, the case is even worse, since there may not even be

multiple vintages of LCIs to choose from. For example, an LCA of vanadium redox flow batteries (VRFBs) published as late as 201533 relied

upon an LCI for the technology published in 199934; an up-to-date LCIs for this technology was later published in 201835 and 2020.36 This

causes different battery technologies to be compared at different levels of maturity as well as granularity of the LCIs leading to potentially

inaccurate conclusions and recommendations. Attendees to the first project workshop identified that inconsistencies between different

LCIs were a regular barrier to having confidence in the results of comparative LCAs.

The third gap relates to data accessibility. LCIs that reflect the state-of-the-art of a battery technology and its supply chain are often closely

guarded since proprietary information and trade secrets are strategies used by a given manufacturer to maintain a competitive edge over

other manufacturers. Releasing the detail of such data (e.g., energy demand, bills of materials, manufacturing yields) may compromise

such an advantage, renderingmany battery manufacturers to be hesitant in sharing such data to any kind of centralized, accessible repository

without anonymization and/or certain details redacted. Often, manufacturers may only agree to release such data if it can be anonymized, or

once the advancement it reflects has become outdated, or is no longer protected by patents, rendering the data that researchers and prac-

titioners conducting assessments can access to be continually behind what would be considered the state-of-the-art or representative. At-

tendees to the first project workshop identified that inability to access up to date LCI data could cause corresponding LCAs to identify prob-

lems that may have already been addressed in newer iterations of a product.

The fourth gap is data coverage, which can influence the system boundaries of the resulting LCA. Data representing the resource flows

associated with a technology are often unavailable or widely variable for specific life cycle stages.37 This is the case for battery technologies

in pilot production, that have not deployed enough representative systems, or when a prospective assessment is undertaken.38,39 Some life

cycle stages may have missing information. Battery LCAs often lack information about disposal or recycling, so exclude this life cycle stage or

treat them inconsistently across studies.40 For example, emerging battery technologies such as redox flow batteries do not have a standard-

ized process for recycling or disposal at the end of their lifetime, as eachmanufacturer has different arrangements and these systems have not

been deployed long enough for these arrangements to be implemented. Therefore, it may not be feasible to include the end-of-life stage in

assessments focused on flow batteries or in comparisons between flow batteries with other battery technologies until data on the processes

used to dispose or recycle these systems become available.

Finally, the fifth gap is related to the dearth of information on social impacts. Specific data regarding the social impacts associated with

battery production, use, and end-of-life are not currently available. Social life cycle analysis (S-LCA) frameworks have emerged over the past

two decades as a complement to conventional LCA, with indicators focused on impact categories such as human rights, working conditions,

socio-economic repercussions, cultural heritage, and governance. In that time significant progress has been made in developing inventory

indicators as well as methods and guidelines for the identifying and collecting data regarding those indicators.41,42 Some S-LCA specific da-

tabases such as the Social Hotspots Database and the Product Social Impact Life Cycle Assessment database are available, and other generic

statistical databases concerning economic development, labor conditions, wages, education and other areas provide relevant other raw data.

However, no inventory of social impacts for battery systems has yet been developed. This renders it difficult for policymakers to make policies

that substantively address issues in battery technologies.
Limitations of life cycle assessment-based methods for sustainability assessment

The assessment stage organizes and integrates the data drawn from the inventory, quantifying the impacts of the technology across its life

span in each impact category. Comparison of sustainability assessment outcomes for different battery technologies enables decision-makers

to identify trade-offs presented by the alternatives. This article focuses on the use of LCA methods for this assessment. Evaluating the read-

iness of LCA-based methods for sustainability assessment of battery technologies was the focus of the second project workshop held at UC

Davis in October 2019. Here, researchers from academic and national laboratories, as well as state government, utilities, and environmental

non-governmental organizations discussed the suitability of commonly applied practices in LCAs for addressing key knowledge gaps

regarding the battery life cycle and the relevance of common impactmetrics to characterizing environmental and social impacts over different

jurisdictions.

LCA and its variants are widely used to assess the resource and energy consumption, emissions, and associated environmental impacts of

battery products across their life cycle stages. Some LCA studies compare the environmental impacts of different battery technologies in the

context of particular applications such as grid energy storage,43,44 while others compare electrified technologies (i.e., electric vehicles) against

incumbent and competing technologies, with one example even including social impacts.45 Although a robust literature of LCA focused on

battery technologies exists, particularly for technologies that have been or are projected to be widely deployed (i.e., lithium-ion, lead-acid,
4 iScience 27, 109898, June 21, 2024



Figure 1. Alignment of electric vehicle charging loadswith renewable generation under unmanaged and smart charging scenarios on a prospective year

2050 California grid

Sourced from Forrest et al.47
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nickel-metal-hydride), gaps still exist in the scope and resolution of LCAmethods that have limited its ability to more comprehensively inform

how a decision-maker’s choices map to environmental and social impacts. Here, we identify the following gaps:

The first gap is that LCAs of battery technologies are often attributional, meaning that they assess the environmental and social impacts of

a battery product based on their interaction with a static system and further assume that the production of the product does not change that

system. Attributional LCAs (a-LCAs) are important for understanding the performance of the status quo for the product and identifying domi-

nant contributors and impacts associated with the product. Attributional LCAs, however, inherently limit understanding of how making

different choices can improve or exacerbate negative impacts on a system level. For assessments to be more useful for decision support

for different decision-makers, consequential LCAs (c-LCAs) which are inherently set up to address how changes propagate to impacts,

need to be conducted. However, unlike a-LCA, c-LCA requires a far more complexmodeling approach, including the use or creation of future

scenarios regarding technology development, energy demand and other socio-techno-economic parameters, which in turn require integra-

tion of economicmodels, energy systemmodels and socio-demographic predictions with LCA. Consequential LCAs for battery technologies

do exist in the literature40,46 but are relatively rare compared to attributional LCAs, are typically limited to a specific aspect, and often do not

capture certain critical interactions between battery technologies and the broader energy system.

The second gap is that LCAs of battery technologies often have limited resolution of how such systems operate temporally and interact

with the electric grid. Such studies often use scenarios for different electricity mixes as inputs to battery charging, but this approach does not

resolve how battery systems – whether for stationary energy storage or transportation – interact with the electric grid. The mix of electricity

used to charge a battery system depends on time-varying conditions on the electric grid, particularly when interacting with grids that incor-

porate large capacities of variable renewable energy resources such as wind and solar. Charging a battery at a given hour (i.e., when solar

generation is abundant or in excess) will incur a different impact than charging the same battery during a different hour (i.e., when renewable

generation is low and fossil fuels are used to meet incremental additional electric load), as shown in Figure 1.

When batteries are used for grid energy storage, another limitation is a lack of resolution regarding how electricity discharged from the

system offsets or avoids the use of other electricity resources on the grid. For example, a battery used for grid energy storage may charge

during the daytime with excess solar generation and discharge the stored electricity during the early evening and nighttime hours, when solar

generation is limited or non-existent. The discharge of electricity during those hours avoids the use of fossil fuel-based generation that other-

wise would need to be used to satisfy the electric load, reducing environmental impacts. There is also a need to better capture via adequate

functional units the diversity of services that grid-connected battery systems can provide for the electric grid and their corresponding envi-

ronmental benefits (e.g., for capacity-based services such as contingency reserves or frequency regulation versus energy-based services such

as renewable generation time shifting). Better resolution of the different services that battery systems provide for the grid are also associated

with different duty cycles which will affect battery lifetime, a key factor in life cycle environmental impacts for these systems. Certain chem-

istries may be more amenable to withstanding certain duty cycles than others with minimal degradation in their usable lifetime. Additionally,

when batteries are considered unable to perform a given function, these systems may still be reused to perform a second, less demanding

function, extending their environmental benefits. However, understanding the extent of these potential benefits requires a more highly

resolved understanding of how battery systems interact with the electric grid.

The integration of electric grid dynamics and LCA of energy storage is starting to occur in the research literature, notably in studies for the

French electricity system48 and for the US Western Interconnect.49 However, this practice is somewhat nascent with many methodological

uncertainties remaining and is not yet being implemented into decision-making for battery deployment or energy systems planning.

The third gap is that there are also limited and inconsistent results accounting of battery end-of-life on environmental results.37,40 Pres-

ently, much of the currently deployed battery capacity has not yet reached the end of its useful lifetime. Key exceptions are lead-acid batteries

for on-road vehicles or backup power and small lithium-ion batteries for consumer electronics, which have a much longer history of

deployment. Of these, lead-acid batteries used for automotive starters or uninterruptable power supply (UPS) have a large-scale, commer-

cially operating infrastructure to support their end-of-life with high rates of collection and recycling. Similar infrastructure for recycling lithium-

ion batteries exists at a smaller scale.50 Collection and recycling rates for lithium-ion batteries are not well known51 but ambitious targets have

been set in jurisdictions such as the EU.52
iScience 27, 109898, June 21, 2024 5
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Because of the uncertainty in how end-of-life batteries will be managed, and even the recycling technologies that will be available in the

coming years and decades, composing LCIs that contain the contributions of battery end-of-life has a high degree of uncertainty and/or can

omit important processes or steps in the disposal or recycling process, even though LCAs containing battery disposal and recycling have been

conducted.53

The fourth gap is that themetrics formeasuring environmental impacts often lack specificity that enable them to be actionable by decision-

makers. LCA methods include a set of accepted environmental impact indicators54 that translate the emissions of substances to different

physical domains (land, air, and water) to different types of environmental impact types. There can be difficulty, however, in translating gener-

alized environmental impact indicators to impacts on specific regional ecosystems and populations. Certain environmental impact indicators

such as global warming potential (GWP) are straightforward to interpret since they characterize impacts that occur on a global scale. Other

environmental indicators, however, often lack the spatial specificity to translate to regional impacts and are not so easy to interpret. For

example, the environmental and health impacts of air pollutant emissions are highly localized, as are impacts from water use or water pollu-

tion. The lack of localized specificity regarding the contributions of processes in different life cycle stages to environmental impact indicators

can limit the extent to which the results of LCAs for battery technologies can be used for decision support. Developing a set of relevantmetrics

that apply to all jurisdictions and all scopes of sustainability assessments for battery technologiesmay not be possible. Theremay be a need to

re-evaluate existing environmental impact methods and determine the additional region-specific detail to transform these metrics into ones

that are more usable for decision support by using region-dependent characterization models and factors to evaluate impacts that are not

global in scope.

The fifth gap is that there are numerous aspects that cannot be covered by ‘classic’ LCA, because many impacts are not direct and static

environmental impacts. One concern with large-scale battery deployment is resource availability andmaterial criticality. While impact assess-

ment methods typically include resource depletion as impact category, resource demand impacts have several dimensions. One of them is

criticality i.e., geopolitical aspects related to supply risk and corresponding potential for disruptive impacts on the economy. Methods for

quantifying supply risk are available,55 but not considered in LCA (due to the environmental focus). However, as the recent Russian invasion

and the subsequent disruption of supply chains have shown, the corresponding societal impacts can be very relevant. The second aspect,

resource constraints, is related to consequential assessments, and is needed to foresee resource limitations and adopt steering policies.

Again, several works are available that raise substantial concerns about the viability of a global large-scale deployment of batteries due to

insufficient availability of key resources such as cobalt, nickel or lithium.56,57 However, material criticality limitations for decarbonizing the

world economy and required policy guidance in terms ofmaterial efficiency for energy storage (i.e., howmuch battery capacity can we afford?)

remains widely unanswered.

The sixth gap is that conventional LCAs of battery production, use, and end-of-life do not typically consider social impacts of those activ-

ities. As noted above, S-LCA is increasingly used to assess the social impacts of diverse activities, including human rights, working conditions,

cultural heritage, governance, and socio-economic repercussions. Consideration of social impacts is critical in decision-making regarding

large-scale energy storage systems deployment. For example, the regional distribution of different types of resource extraction and environ-

mental impacts has significant equity and justice implications not traditionally reflected in LCA impact assessment methods, especially since

the effects of these processes and impacts are often disproportionately concentrated in historically exploited and economically disadvan-

taged communities – in both domestic and international contexts.16 The use of environmental impact indicators in the absence of social

impact indicators may reinforce existing inequities in the distribution of impacts and benefits between regions and population segments.

Here, significant gaps remain in existingmethods for S-LCA and in particular the development and standardization of social impact indicators

and metrics, as well as the unavailability of associated data as discussed above.
Barriers to decision support and policy development

It is not enough, however, to simply identify trade-offs amongpotential battery technology alternatives. Decision-makers must evaluate those

trade-offs and determine which alternatives present the most acceptable mix of positive and negative impacts. Enabling decision-makers

such as battery manufacturers, battery vendors, and purchasers in government or private sectors to track how their choices may directly or

indirectly translate to environmental and social impacts requires that information from relevant sustainability assessments is accessible, trans-

parent, and incorporated into the decision-making process. It also requires that those decision-making processes effectively address the

trade-offs presented by the alternatives under review.58

Decisions regarding the deployment of battery technologies are made by a variety of parties in a range of circumstances. For example,

batterymanufacturers decidewhatmaterials to procure fromwhat supplier to produce a battery system. Battery system vendors decidewhich

technologies and system designs to construct and market for that application. Purchasers of battery energy storage systems such as public

utilities, investor-owned utilities, and community choice aggregators decide what system to procure and use it for their needs. Lawmakers at

the state and local levels and regulators such as the US Environmental Protection Agency or the European Commission create mandates and

incentives intended to drive the development and adoption of battery energy storage, decisions that directly affect decision-making by the

other parties. Regional community advocacy groupsmake decisions to advocate for or against mandates and incentives, potentially affecting

the upstream supply chain. Identifying barriers that limit the translation or implementation of information regarding potential trade-offs or co-

benefits produced bymethods such as LCAwas a primary focus of the third and fourth project workshops, hosted virtually in 2021 by UC Irvine

and UC Los Angeles. The third and fourth workshop brought together academic researchers with governmental and non-governmental en-

tities to discuss the differences between the types of information produced by tools such as LCA in the research space and the types of
6 iScience 27, 109898, June 21, 2024
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information that are most valuable to different decision-makers. These workshops identified whether different stakeholders incorporate in-

formation from sustainability assessment and if so, how this informationwas or was not influential in decisions for energy storage procurement

or design decisions. Workshop discussions identified two critical challenges that must be addressed: How do we integrate the information

from sustainability assessments into stakeholder decision processes? And how do we ensure the quality of decision processes? Here we iden-

tify primary limitations in accomplishing these objectives based on the workshop discussions.

The first barrier is that meaningful, accessible data and information produced by sustainability assessments may not be available and un-

derstandable to decision-makers. It is foreseeable that LCI generation and sustainability assessment will be performedby a variety of different

parties, depending upon the context. These parties will require access to data and information in two scenarios. The first is access to LCI data

for the entity performing a sustainability assessment—be it a private project developer creating a proposal or a utility preparing an energy

storage development plan. The second is access to sustainability assessment results and supporting materials in making a deployment

decision.

The second barrier is that different decision-makers may not have a systematic method of assessing tradeoffs between decision alterna-

tives. For a given energy storage application, a sustainability assessment will provide input for a decision, usually the selection of one storage

solution from a set of alternatives. The alternatives under consideration will likely present differing trade-offs among the relevant impacts.59

For example, one alternativemay performwell with respect to ozone depletion but poorly regarding human health effects, while another may

perform better with respect to both indicators, but worse with respect to a social impact indicator. While the sustainability assessment can

measure the relative performance of the alternatives across indicators and thus identify trade-offs, it does not provide themeans for balancing

those trade-offs. Decision-makers will need decision support methods and tools to assist them in identifying the relative importance of each

impact indicator (also known as weighting) and systematically sorting through the tradeoffs to elect a preferred alternative.

The third barrier is that sustainability assessmentmethods will only be effective if they are incorporated into decision-making processes for

the evaluation and selection of battery energy storage technologies. However, policies to drive adoption of rigorous decision-making are not

currently in place. New policies are needed to ensure that decision-makers engage in careful assessment of the impacts of potential technol-

ogies and deliberate, rigorous evaluation of the trade-offs presented. A good example is the newBattery Directive currently being developed

by the EuropeanCommission. It requires batteries being placed on themarket in future to be accompanied by a carbon footprint declaration.

This carbon footprint is essentially based on LCA and backed up by a detailed guidance on how the carbon footprint shall be determined.

While still with significant improvement potential, it is a step toward the integration of LCA into policymaking, and a better coordination be-

tween the needs that policymakers have and the information that LCA practitioners can provide (in terms of data, assessment methods and

models) would help to increase policy impact.

The configuration of such policies depends upon a variety of factors, including the legal authority of the policymaker, the decision context,

the capacity of the decision-maker, the impacts on different stakeholders, and the nature of the barriers to adoption of themethod or tool. It is

further complicated by the complex nature of the socio-technical system for electricity generation, transmission, and storage in different re-

gions. Decisions affecting technology choice occur at multiple public (state, regional, local) and private (battery vendor, project developer,

investor-owned utility, public-owned utility, CCA, etc.) levels in the shadowof diverse public and private regulation. Thus, the policiesmust be

developed with all these factors in mind.

Developing an evaluation framework for large-scale battery deployment

To enable decision-makers involved in facilitating rapid battery deployment to meaningfully incorporate environmental and social impacts in

their decision-making, we propose steps to overcome the barriers described in the previous section to enable the development a robust eval-

uation frameworkwith three components: (1) Data generation, curation anddissemination; (2) sustainability assessment; and (3) trade-off anal-

ysis and decision-making. Here, we describe the features and function of each component and the steps needed to develop such a frame-

work. Visually, the framework is presented in Figure 2.

The general characteristics of this framework are summarized as follows:

Modular

No single decision-maker will likely participate in every component; therefore, this frameworkmust be capable of synthesizing contributions –

whether data, methods, or other tools – from different decision-makers. For example, consider the case of a developer responding to a

request for proposals for battery storage by a utility. Data regarding the performance of a particular battery technology or product may

be generated by the manufacturer using methods and metrics established by a government agency or non-governmental organization.

That data, along with other data relevant to social or environmental impacts generated or curated by other parties, may be used by the devel-

oper to perform a sustainability assessment of its proposed project, as would competing developers. In turn, the utility would evaluate the

respective proposals and sustainability analyses, using decision support tools to evaluate the trade-offs presented by the competing

proposals.

Flexible

The proposed framework is intended to be sufficiently flexible and broad to account for various battery technologies across chemistries, tech-

nology readiness levels, form factors, and applications. A framework that is technologically agnostic is important for ensuring that different

battery chemistries and form factors can be assessed in specific applications or even compared across applications.
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Figure 2. Visual representation of the proposed evaluation framework for rapid battery deployment
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Timely

Battery technologies are rapidly evolving, not only in terms of their operational performance, efficiency, andmaterials composition, but also in

terms of the configurations of their supply chains, manufacturing, and disposal processes. Due to the time required and institutional barriers

for gathering data to comprise life cycle inventories for these changes, LCAs of battery technologies typically do not reflect the effects of these

changes. The framework is intended to capture the effects of changing supply chain configurations or technology improvements more

quickly, or alternatively to assess different future scenarios to support stakeholder decision-making.

Iterative

While the framework is presented as a set of sequential steps, each of the earlier stages is intended to be continually updated based on needs

identified from the experience in implementation in the later stages (data, assessment, policy design). To stay relevant as the large-scale

deployment evolves, data, assessment methods, and policy must be refined to incorporate lessons learned from practical experience.

Overcoming data limitations

To overcome the gaps in data availability and quality, the following steps should be taken.

Establish a community of experts to develop and implement standards for re-evaluating and composing LCIs for existing and
emerging energy storage technologies at regular (i.e., 5-year) intervals

Developing LCIs for existing and emerging energy storage technologies requires both resources and a diverse array of expertise involving

academic, industry, and government entities. The capability to reevaluate and recompose LCIs of existing and emerging energy storage tech-

nologies at regular intervals, a community of experts needs to be established to (1) develop agreed-upon methods and evaluation intervals

and (2) carry out the work of gathering updated data and recomposing the LCIs.

This community should be convened by entities that (1) have the expertise to independently assess the quality of energy storage LCIs

produced by industry and academic researchers, (2) have access to relatively stable funding sources that are not as dependent on securing

individual grants, and (3) are positioned to host and document data for public access. A robust example for the United States is a US Depart-

ment of Energy National Laboratory. For example, the National Renewable Energy Laboratory (NREL) has established precedent via their Life

Cycle Assessment Harmonization project60 focused on harmonizing and continually updating data on the life cycle greenhouse gas emissions

of electricity generation technologies. A similar initiative for energy storage technologies will be beneficial.

Develop and maintain a centralized repository of LCIs for current and emerging energy storage technologies by vintage

In composing LCIs, researchers and practitioners will often look through available literature and use whichever datasets they can find. Having

a centralized repository of LCIs conducted at regular intervals can enable clearer access to data of different vintages. This practice is also

proposed for battery performance data in the Battery Data Genome.61 Precedent for hosting such data exists in the US: NREL hosts datasets

for the life cycle greenhouse gas emissions of electricity generation technologies that are continually updated as new research is produced.60

A similar, albeit expanded structure for LCIs of energy storage technologies will be beneficial and can be international in scope. This requires

developing a data quality and management process for the repository, setting up and maintaining a server and ensuring compatibility with

existing LCI databases such as EcoInvent.62,63 The community of experts should be in charge of coordinating andmanaging the installation of

such a repository.
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Establish minimum- and preferred-quality standards for LCIs of battery technologies for use in LCAs of specific applications

To ensure consistent interpretation of LCAs of battery technologies when used in specific applications, whether individually or in com-

parison to each other, it is critical to establish agreed-upon minimum- and preferred standards for the system boundaries, methods, and

level of detail required for an LCI. These standards can be adjusted for different applications of battery technologies, such as those in

stationary storage versus mobile applications. Development of these standards should be facilitated by the community of experts

convened to maintain and regularly update LCIs as described previously. Here, researchers with expertise in LCA methods and metrics

for quantifying environmental impacts should establish, for a given battery application, 1) the system boundary for data collection

required to ensure accounting of major impacts from the battery’s supply chain, 2) the resolution (granularity) of detail for data on sub-

systems included in that system boundary, and 3) what methods are used to compile such data. These standards will differ for different

applications and while fundamentally proposed from a research standpoint, will be continually refined by input from non-governmental

organizations and industry stakeholders to ensure that these standards facilitate LCAs or other assessments that adequately capture the

types of impacts of interest.

The publishing of these standards can also be formalized by inclusion as ISO standards and compliance displayed by an ISO certification.

From an adoption standpoint, government entities such as legislatures or regulatory agencies can choose the level of LCI standards compli-

ance thatmust bemet for resulting LCAs to be formally considered in policymaking or funding decisions. Such a practice is already in place for

building material purchases in California.64 It is not necessary that stakeholders such as battery manufacturers provide all of their data, but

rather that participating stakeholders agree to comply with an agreed-upon set of standards. An example for how this can be accomplished

exists for the solar industry through the International Energy Agency Photovoltaic Power Systems Programme.65

In Europe, the European Commission (EC) has been working on the development of the product environmental footprint (PEF) method

with the aim of creating a uniform standard for conducting LCA studies, agreed with industry. This method is currently being cast into legis-

lation by the new Battery Directive, making a carbon footprint declaration according to the PEF standards mandatory. The state of California

in the US now requires environmental product declarations (EPDs), whichmust be compliant with ISO 14025, for procurement of five key build-

ing materials, with limits onmaximum carbon intensity for procuredmaterials.64,66 The development of quality standards should be based on

such existing methods, ensuring alignment with current legislation and reducing the need for new standards development.

Withminimum-quality standards established, LCIs of different battery technologies can be evaluated for acceptable completeness for use

in LCAs of a given scope. Data gaps or quality gaps can be identified, and a structure that incentivizes manufacturers of the technology or

other relevant entities to conduct their own assessments should be established to fill in the data gaps. Develop incentives and, where appro-

priate, requirements for manufacturers to provide data meeting minimum quality standards.

Develop a process for manufacturers to provide data without compromising their competitive advantage

Developing such a process can include the implementation of methods for data anonymization and aggregation before publishing, while still

maintaining sufficient detail to be useful for conducting LCAs. Even LCA results are helpful in this regard, allowing validation of the available

detailed models in terms of representativeness. To develop a process that gains significant participation, the development process will

require ongoing dialogue between batterymanufacturers, policymakers, and LCApractitioners, further highlighting the need for establishing

a community of experts to develop and maintain LCIs for battery technologies.

This community will facilitate dialogue between stakeholders to establish (1) the format, type, and level of detail for LCI data or LCA results

provided by battery manufacturers that strike an acceptable balance between intellectual property protection and reflection of the state-of-

the-art configuration of a battery technology’s life cycle and (2) an agreed-upon stakeholder review procedure for release and use of datasets

developed by battery manufacturers. The latter should establish criteria to be met from two independent perspectives: (1) criteria set by re-

searchers for acceptable level of detail for manufacturer-provided data to be useful (i.e., standards for the LCIs or LCA results) and (2) criteria

set by industry stakeholders for limiting the ability to reverse engineer trade secrets from such data. An ongoing effort to address this for

greenhouse gas emissions relating to batteries is presented in the Greenhouse Gas Rulebook by the Global Battery Alliance.67
Improving LCA-based sustainability assessment methods

To improve the capabilities of sustainability assessment methods to better enable tracking of how stakeholder choices translate to potential

environmental and social impacts, the following steps should be taken.

Improve the integration of electricity system modeling into life cycle assessment methods for battery systems

Separate from LCA, capabilities exist for modeling the operation of the electric grid that capture how battery systems participate in the

dispatch of electric grid resources and resolve the dynamics of how battery systems are operated with respect to charging and discharging

over time. Regular integration of these capabilities, along with the development of agreed-upon standards for how this integration is

accomplished, more accurate characterization of the use phase of battery systems to the level needed for more confident decision-making.

While this practice is starting in the research literature,48,49 more development and widespread practice is needed to mature these

methods for use by decision-makers. Open data on electricity generation, but also energy system models are increasingly available for

many countries. Linking these with LCA tools would enable a more meaningful modeling of the use-phase and the corresponding envi-

ronmental benefits of storage.
iScience 27, 109898, June 21, 2024 9



ll
OPEN ACCESS

iScience
Perspective
Improve resolution of the different types of services that battery systems can provide and their subsequent environmental benefits
via consequential approaches

The use phase of battery systems is where the benefits of using these systemsmanifest. These systems can providemany different functions to

support the integration of renewable resources and the operation of the electric grid. To better understand the benefits of deploying battery

systems, the capability to capture the full range of services that battery systems can provide to the grid must be developed. The provision of

each of these services has the potential to provide environmental benefits by preventing the use of other, higher-polluting resources that

already exist on the grid or preventing the construction of newer higher-polluting resources in the first place, avoiding their associated envi-

ronmental impacts.

Develop best practices and protocols for end-of-life options for the current and emerging technologies used for energy system
applications

Since most of the currently deployed battery capacity has not yet reached its end-of-life, characterization of the end-of-life options and their

impacts for different battery technologies is less mature compared to that for battery manufacturing and use. While certain battery technol-

ogies have significant field experience for their end-of-life processes (i.e., lead-acid) and others are starting to gain such experience (i.e.,

lithium-ion), an understanding of the potential advantages and disadvantages of different end-of-life options for other battery technologies

are lacking. Specifically, the lack of available data for comprising LCIs of current state-of-the-art and emerging battery chemistries needed to

resolve the effects of recycling these systems andmaking decisions based on their inclusion in LCAs is caused by a lack of recycling operations

occurring at scale. Scoping and evaluation of the practices and protocols for the end-of-life options for other battery technologies, particularly

emerging technologies, and implementation of these protocols early in the deployment of end-of-life processes will better enable them to be

compared on a consistent basis with incumbent technologies.

Re-evaluate and improve environmental impact assessment methods to make them more regionally relevant for decision support

To ensure that the results of LCAs for battery technologies can be useful for decision-makers – product designers, policymakers, or com-

munity advocacy groups, existing environmental and social impact indicators must be translated to tangible, regionally-specific effects

along spatial and demographic lines. The context of which environmental and social impacts are most important for regional popula-

tions should inform which impact indicators should be assessed, and spatial or demographic bounds or foci for those indicators should

be used. For example, regulators for a region such as Southern California may focus on water depletion and air pollutant metrics when

evaluating processes situated in that region, since this region is subject to frequent drought and typically experiences degraded air

quality.

Implement expertise from social life cycle assessment and other social impact assessment tools (including equity metric screening
methods) in developing and applying metrics that characterize social impacts and benefits of battery technology deployment into
evaluation frameworks

Environmental impact indicators by themselves do not capture important social impacts, including health and safety, human rights,

working conditions, socio-economic repercussions, cultural heritage and governance.42,68,69 Consideration of such social impact

categories, including the distribution of the impacts among domestic and international regions and population segments, is critical

to sustainability assessment. A variety of methods and tools have been developed to facilitate systematic assessment of social

impacts, including social life cycle assessment (S-LCA) and sustainability assessment using multi-criteria decision analysis. Since these

approaches are relatively new and have not been extensively applied in the energy storage context, further development and standard-

ization is needed to support widespread use, particularly in regulatory settings. Case studies can be utilized to augment or in place of

S-LCA.

In addition, these approaches can be complemented with related tools. For example, screening tools,70,71 which have been used by

several state-level agencies and federal agencies in the United States, combine several economic and social demographics to map where

vulnerable communities exist geographically and overlay what pollution and other burdens are placed upon those communities. This type

of tool provides a visual understanding of where vulnerable communities are located geographically and what pollution burdens are placed

directly on or near these communities. Particularly for siting decisions related to battery technology, a similar mapping tool would provide a

clearer sense of where benefits and burdens are distributed. Similarly, mapping whether battery technology is deployed and overlaying

socio-economic demographics could provide an understanding of what communities have access to battery technologies and which

do not.
Integrate sustainability assessment into decision-making

Here, steps needed to build capacity to evaluate the results of sustainability assessments are described. In particular, the sustainability assess-

ment will likely identify trade-offs among the battery technology options. For example, while one option may raise concerns regarding nega-

tive environmental impacts of one sort, a competing option might instead present potential adverse social impacts. Methods and tools for

resolving such trade-offs must be developed and then ultimately adopted by relevant decision-makers. The first set of steps aim to establish

methods and tools needed for rigorous such decision-making.
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Developing relevant and appropriate decision-support methods and tools (DSMT) and guidance to assist in responsible decision-
making

Decision-making is highly contextual, and the decision support tool must fit the context. There are a variety of decision support methods that

could be applied in this context. Decisionmethods can be narrative, structured, and analytical.72 Narrativemethods call for holistic, qualitative

balancing of the data and associated trade-offs to reach a decision. Structured approaches provide specific, systematic guidance to the de-

cision-maker, such as a decision tree or a set of specific decision rules or heuristics. Analytical methods such as multicriteria decision analysis

(MCDA) include mathematically based formal decision analysis tools to assess data and generate rankings in different ways. Selection of the

particular method will depend on the specific decision context, including the institutional capacity of the decision-maker. For example, a de-

cision support tool crafted for local land use commissions generating individual overall scores for candidate technologies could mask impor-

tant value-based tradeoffs.

Researchers have developed a variety of analytical methods relevant to the selection of energy storage and generation technolo-

gies.69,73 Some of these approaches use LCA as input74 while others integrate LCA and MCDA into a single method.75 The development

of decision support methods appropriate for the context of grid-level energy storage must consider multiple factors, particularly where a

wide range of stakeholders are involved in the decision-making process. These factors include (1) the need to craft methods that can be

used and understood and consequently be accepted by non-experts in decision analysis, (2) managing diverse types of quantitative and

qualitative data, (3) identifying approaches for weighting of the relevant impact indicators (typically called decision criteria or attributes in

MCDA) and, (4) understanding and communicating the effects of uncertainty regarding attribute weights and performance data.59,69 The

process for developing such DSMTs must include meaningful engagement with expected users and stakeholders regarding these and

other relevant factors. To that end, it would begin by scoping the specific needs, capacities, and values of the respective users and

stakeholders.

Implement case studies to validate and improve DSMTs and demonstrate their use on the ground

Case studies can provide valuable information and experience needed to ensure that a DSMT is useful, robust, and tractable for the intended

users. Moreover, case studies can build confidence in and support for the use of DSMTs among users and stakeholders.

The second set of steps ensures that the DSMTs are implemented by the relevant decisionmakers.

Establish mechanisms that enable and encourage battery vendors to make available relevant data and information on their
technology to decision-makers

Digitalization of product data and information offers an effective means of dissemination, enhancing transparency, and streamlining the data

collection and curation process.76 Digital product passports (DPP) have been proposed in a variety of contexts. A DPP is ‘‘a dataset that sum-

marizes the components, materials, and chemical substances in a product, and information on reparability, spare parts, and proper disposal

instructions.’’77 The European Union’s battery regulation includes a digital passport requirement for industrial batteries and electric vehicle

traction batteries that contains information about battery parameters such as nominal energy or lifetime, but also recycled content and the

carbon footprint of the battery.10 The scope of data for such passports would be extended to include the full range of LCI data, including data

relevant to sustainability concerns. The establishment of such mechanisms in different markets can help downstream decision-makers make

more informed decisions to improve performance on sustainability metrics.

In some cases, the party deciding among potential battery energy storage technologies/proposals will depend upon the project devel-

oper to perform the sustainability assessment. Since the assessment will focus upon the particular project context—including local and

regional conditions and attributes—the results of the assessment and supporting materials would not be included in a DPP. To ensure a

rigorous and transparent decision process, a mechanism to ensure that the decision-maker and stakeholders have access to the assessment

methods, results, and supporting information as needed.

Develop and evaluate a set of context-specific proposed policies mandating or incentivizing use of DSMTs for energy storage
decision-making

Relevant policymakers at the state and regional levels, as well as private decision-makers such as investor-owned utilities and community ag-

gregators, should develop explicit policies incorporating rigorous evaluation frameworks, including DSMTs, into decision-making processes.

While policy development calls for expert input it also requires participation from a broad range of stakeholders to reach an effective and

equitable outcome. Broad participation enhances the breadth and depth of information regarding the socio-economic system in question

and the scope of alternative policies considered. It also ensures that the values and preferences of all affected parties are taken into account.

The California Carbon Capture & Storage Review Panel formed by the CPUC, the CEC, and CARB in 2010 is an example of such an initiative.

The panel, consisting of members from industry, trade groups, academia, and environmental organizations, was chargedwith identifying and

evaluating policies and legal frameworks relating to CCS’s potential role in meeting the state’s needs [35].

Generate simulated case studies to assess the benefits and limitations of proposed policies

Electric grids are more than just infrastructure; they are part of complex socio-technical systems.78 That complexity makes the selection of

policies aimed at changing system behaviors such as decision-making regarding energy storage particularly difficult. Small changes to a
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complex system can lead to surprising consequential shifts in outcomes. In developing such policies, policymakers should take advantage of

tools available to simulate the implementation and impacts of potential policies. Such tools include desktop simulations, scenario analysis,

agent-basedmodeling, and socio-technical network analysis (STNA).78–80 For example, STNA has been used to evaluate policies intended to

enhance electric grid resilience.78 Agent-based models have been used to model the impacts of the European Union’s chemical regulatory

program.79

Regularly update evaluation frameworks and policies

Once assessment tools and decision-making policies are implemented aimed at realizing and maximizing the net benefits of battery energy

storage deployment, the effects of these assessment tools and policies must be continually monitored and evaluated on whether they are

achieving their intended purpose and whether they had any undesirable and unintended consequences. This means that to better maximize

the net benefits of battery energy storage deployment, clear and standardizedmechanisms need to be put in place to continually evaluate the

effectiveness of implemented tools and policies against their intended goals and enable corrective actions to be taken if a policy is either not

achieving its intended goal or producing unacceptable unintended consequences. Community-engaged participation could also provide

empirical data on whether the tools policies are meeting their intended goals. Qualitative methods, such as interviews, public participation

forums, and surveys would allow directly impacted stakeholders to provide empirical insight into assessment and policy implementation and

effectiveness.

CONCLUSION

Significant barriers remain to developing an evaluation framework for sustainability to support decision-making related to rapid scaling of

battery production and deployment. Here we suggest steps to overcome them to better ensure that stakeholder decisionsmeet sustainability

goals while minimizing negative environmental and social impacts of rapidly scaling battery supply chains, manufacturing, and recycling ca-

pabilities. The main barriers to better utilizing these assessment approaches are found in the areas of data quality and availability underlying

LCA-based sustainability assessment methods which limit their usefulness in decision-making processes.

First, developing the capability to track how decisions made by various stakeholders across the battery life cycle, from product designs to

developing supply chain relationships, translate to environmental and social impacts. This need can be addressed by (1) setting up an expert

community for promoting open-access, centrally available, and standardized data for battery energy storage life cycle inventories, (2) devel-

oping and refining impact assessment methods with better spatial and temporal resolution, (3) integrating energy system models with LCA,

and (4) incorporating and refining social LCA tools.

Second, sustainability assessment approaches need rigorous and systematic mechanisms for incorporating the results into evaluation and

decision-making processes formultiple different stakeholders. This need can be addressed by (1) developing and validating decision-support

methods and tools specific to battery energy storage, (2) encouraging the provision of certain battery technology or assessment result data by

battery developers or manufacturers to decision makers, and (3) formally establishing policies for the use of decision-support methods and

tools in organizational decision-making processes.

Historical examples of other technology deployments have shown that there is always the potential for unintended environmental and

social impacts, even when such deployments were aimed at addressing other types of environmental problems. Improving our ability to

track and understand how stakeholder decisions influence environmental and social outcomes could significantly reduce the probability

and extent of potential negative consequences of battery deployment at the speed and scale described in deep decarbonization sce-

narios. Building such a capability is a timely priority, since most of the battery capacity required for the clean energy transition has not

yet been produced, meaning that we are at a critical juncture for ensuring that decisions made carry out large-scale battery deployment

avoid negative impacts at scale. As can be seen by the example of the new EU Battery Regulation, policy and regulation is a key for

pushing toward more sustainable battery value chains, but requires the corresponding evidences and a well-established methodological

framework for setting a level playing field. The present paper identifies the main barriers in this regard and suggests approaches for

overcoming them.

Limitations of the study

This perspective is based on the synthesis and analysis of perspectives contributed both by existing literature and policy and by the at-

tendees who participated in the battery energy storage workshops hosted by the University of California-based authors. Participation

in these workshops mostly consisted of attendees from the US and the EU; therefore, many of the points raised in this perspective

may not adequately capture the on-the-ground conditions and perspectives of entities and populations from other regions which may

also be involved in different aspects of the battery supply chain. We recommend that for future work, perspectives from outside the

US and EU be more actively engaged. Additionally, this perspective is based on the literature and policy status as of the time of writing.

As these aspects are continually being further developed, emerging and near-future literature and policies may shortly address some of

the knowledge gaps highlighted here.
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