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ABSTRACT

To meet net-zero emissions and cost targets for power production, recent analysis indicates that
photovoltaic (PV) capacity in the United States could exceed 1 TW by 2050 alongside comparable levels
of energy storage capacity, mostly from batteries. For comparison, the total U.S. utility-scale power
capacity from all energy sources in 2020 was 1.2 TW, of which solar satisfied approximately 3%. With
such massive scales of deployment, questions have arisen regarding issues of material supply for
manufacturing, end-of-life management of technologies, environmental impacts across the life cycle,
and economic costs to both individual consumers and society at large. A set of solutions to address
these issues center on the development of a circular economy - shifting from a take-make-waste linear
economic model to one that retains the value of materials and products as long as possible, recovering
materials at end of life to recirculate back into the economy. With limited global experience, scholars and
practitioners have begun to investigate circular economy pathways, focusing on applying novel
technologies and analytical methods to fast-growing sectors like renewable energy. This critical review
aims to synthesize the growing literature to identify key insights, gaps, and opportunities for research
and implementation of a circular economy for two of the leading technologies that enable the transition
to a renewable energy economy: solar PV and lithium-ion batteries (LIBs). We apply state-of-the-science
systematic literature review procedures to critically analyze over 3,000 publications on the circular
economy of solar PV and LIBs, categorizing those that pass a series of objective screens in ways that can
illuminate the current state of the art, highlight existing impediments to a circular economy, and
recommend future technological and analytical research. We conclude that while neither PV nor LIB
industries have reached a circular economy, they are both on a path towards increased circularity. Based
on our assessment of the state of current literature and scientific understanding, we recommend
research move beyond its prior emphasis on recycling technology development to more comprehen-
sively investigate other CE strategies, more holistically consider economic, environmental and policy
aspects of CE strategies, increase leveraging of digital information systems that can support acceleration

towards a CE, and to continue to study CE-related aspects of LIB and PV markets.

Introduction

Global society and
our planet face
many challenges,
including climate
change, air pollu-
tion, finite resour-
ces to support gro-
wing population
and affluence, and
equity. These challenges are related in a simple but power-
ful formulation known as the IPAT equation: environmen-
tal impact (I) = population (P) x affluence (A) x
technology (T) (Ehrlich and Holdren 1971). Without
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affecting P or A, a reduction in impact requires changes
to T. While many candidate technologies could address the
above-named challenges, we focus on clean energy tech-
nologies, which are typically identified as being among the
least-cost approaches to energy sector decarbonization.
Many clean energy technologies exist, each with differ-
ent benefits and challenges. Photovoltaics (PV) have been
found to likely play a prominent future role in the energy
transition (DOE 2021; IEA 2021a) because of their extre-
mely low greenhouse gas (GHG) emissions (e.g., Scott and
Heath Garvin 2021) and rapidly falling costs (Barbose et al.
2021). For instance, Figure 1 shows projected sources of U.
S. electricity generation through 2050 under a reference
scenario that assumes business-as-usual policies, and
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Figure 1. Electricity generation by technology in 2020, 2035, and 2050 as simulated in the Solar Futures Study (reproduced with
permission (DOE 2021)). Ref. = reference scenario; Decarb = decarbonization of the electric sector scenario; Decarb + E = electric sector
decarbonization plus electrification of other parts of the economy; Bio = biomass, Geo = geothermal, Hydro = hydropower (including
pumped hydro-storage), CT = combustion turbine, CSP = concentrating solar power. See S| Section S2.1 for further explanation).

under two decarbonization scenarios that achieve net-zero
greenhouse gas emissions by 2050 (see supplementary
information (SI) Section 2.1 for further explanation of
these scenarios). In these scenarios, PV provides the largest
share of renewable electricity in each future year and sce-
nario, and the largest share of any technology in the dec-
arbonization scenarios (~45%) (DOE 2021).

To reach these levels of solar generation, installed PV
capacity would need to grow from 80 GW in 2020 up to
1.6 TW in 2050 (DOE 2021). However, PV only generates
electricity when the sun is shining; its capacity factor is
about 25%, meaning a PV power plant generates electri-
city about a quarter of its rated capacity over a typical year
(NREL 2022a). Energy storage solutions are expected to
play a prominent role in expanding the share of electricity
demand that can be met by PV-generated electricity. In
addition, energy storage provides firm capacity, can miti-
gate solar forecast errors, and it aligns well with the sharp
demand peaks that can be induced by widespread solar
deployment, among other benefits (NREL 2022b).
Indeed, energy storage enables greater cost-effective
deployment of PV, as was concluded in the 2021 DOE
Solar Futures Study (DOE 2021).

Lithium-ion batteries (LIBs) are a leading technology
for providing electricity storage and are available on the
market today at both residential and utility scales (Fluence
2022; Tesla 2022). When carbon-free generation sources

are used to charge the batteries in electric vehicles (EV), a
pathway emerges to decarbonize transportation, which is
currently the largest GHG-emitting sector in the United
States (EPA 2021). This pathway is most mature for the
light-duty vehicle fleet, with LIBs as the dominant technol-
ogy, but is also proposed for medium- and heavy-duty
vehicles (Mai et al. 2018), at least in the near term
(Castelvecchi 2021; ORNL/NREL 2019). These two mar-
kets for LIBs - transportation and grid (electricity) sto-
rage — are both projected to grow exponentially as prices
continue to decrease, although the EV market is many
times greater than the “stationary” market (named in con-
trast to the mobility of EVs) that supports the electric grid
(Figure 2). The farther into the future, the more uncertain
are projections about the role of different battery chemis-
tries, but it is clear that LIBs are critical in at least the near
term.

One challenge created by the growth of PV and
LIBs is a concomitant increase in demand for mate-
rials to support the manufacture of these technolo-
gies. By far the largest mass fraction in a PV module
is from bulk materials like glass, aluminum (for the
frame), and silicon (for crystalline silicon (c-Si)-
based modules, the dominant PV technology) (IEA
PVPS/IRENA 2016). (See SI Section S2.2 for sche-
matics of the construction of a typical c¢-Si PV
module and LIB and see the Methods section for a
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Figure 2. Time series illustrating historical and forecasted global prices (dotted line, left vertical axis) and cumulative demand (shaded
area, right vertical axis) for LIBs in stationary and transportation (EV) markets from 2010 to 2035. (BloombergNEF 2021). According to
BloombergNEF, in the past decade the unit price for LIBs has dropped to less than 12% of what it was in 2010 and is expected to further
decrease to about 4% of the 2010 price by 2035. As the price continues to decrease, LIB demand is projected to increase 44,000-fold
from 2010 to 2035.

discussion of different PV module technologies).
Demand for these bulk materials is not expected to
cause market disruption or supply shortages (Calvo
and Valero 2021; DOE 2021). However, c-Si mod-
ules currently use silver, and although in small and
decreasing quantities per module, PV’s silver
demand as a share of global production could
increase to nearly 40% by 2050 under the Solar

Future Study’s global decarbonization scenario
(DOE 2021). As another example, for cadmium-
telluride (CdTe) thin film PV modules (which has
the second-greatest global market share), the
European Commission’s Joint Research Centre has
found that projected global PV demand for tellur-
ium will reach or exceed 2018 global supply by 2030
and beyond (Figure 3). In addition, several other

700 - =
650 |-
600
550 ]
500 - 416
450 |

80

70 £ High Demand Scenario
60 F [

Medium Demand Scenario
50 p I8
30 F
20 F
2030 2050 | 2030 2050 | 2030 2050 2030 2050 | 2030 2050 | 2030 2050 | 2030 2050
Glass Si Te Concrete Steel Plastic Ag

Relative Annual Material Demand (%)
Relative Annual Material Demand (%)

|

2030 2050 ‘ 2030 2050 ‘

40 E Low Demand Scenario
o ol ] ] [ I
ofp 1M L] T — . of ool ool 9 '.T ; ,’T .

1—e

T J2
o 0
2030 2050
(u

Figure 3. Projected annual global material demand for PV manufacturing in 2030 and 2050 relative to 2018 global supply, data
extracted from (Carrara et al. 2020). Results for the low and medium scenarios from the International Energy Agency and the high
scenario from the Institute for Sustainable Futures of the University of Technology Sydney are shown, where medium is the baseline
scenario (see Sl Section S2.1 for more information). Note that Te, Si, and Glass use the y-axis on the left side, whereas all others refer to
the y-axis scale on the right side. The levels of projected demand for c-Si module bulk materials, Si and Ag, are below 2018 global
supply. The projected Cd demand for CdTe modules also remains under 2018 availability. In contrast, the projected demand for Te in
2030 is over 4 times, and in 2050 over 6 times the 2018 supply.



materials in PV modules are considered critical by
different governments, such as aluminum and tin
(Department of the Interior: Geological Survey
2022), and silicon metal (European Commission
2020).

Material constraints are projected to be even more
acute for LIBs. For instance, LIB demand for cobalt is
expected to be approximately 50% greater than all current
supply by 2025 (Figure 4) (Campagnol et al. 2018).
Similarly, projected LIB growth by 2025 is expected to
drive the demand for nickel to levels greater than current
supply, even including projected supply increases
(Campagnol et al. 2018).

One way to mitigate material supply challenges is
to recover materials from products at the end of their
lifetime through recycling. Considerable research has
focused on investigating the potential of this strategy
and developing technological solutions, as described
in this article. However, recycling is not the only way
to address material supply challenges even if it is the
most obvious end-of-pipe solution (and conforms
best to linear economy thinking - see next sentence).
A broader conception of such solutions is posited as
the circular economy (CE), which is named in con-
trast to the current global economic model that treats
materials in a linear take-make-waste manner. While
many definitions of the CE exist — 114 according to
(Kirchherr, Reike, and Hekkert 2017) - the World
Economic Forum (WEF 2014) defined CE as follows:
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A circular economy is an industrial system that is
restorative or regenerative by intention and design. It
replaces the end-of-life concept with restoration, shifts
towards the use of renewable energy, eliminates the use
of toxic chemicals, which impair reuse and return to the
biosphere, and aims for the elimination of waste
through the superior design of materials, products, sys-
tems and business models.

As will be elaborated in this article, the CE literature has
generally coalesced around the classification of 10 CE stra-
tegies, of which recycling is but one. Examples of others
include rethink, which suggests we design products with
circularity in mind (e.g., using less materials), or reuse,
which extends a product's lifetime by finding another
owner after the product stops fulfilling the needs of the
previous owner. However, there remains some ambiguity
and distinctions in using these terms, which introduces
uncertainty and variability to our review and is discussed
in the Methods section. One purpose of this critical review
is to reconcile and resolve such ambiguities.

CE is not a new concept, evolving from and incor-
porating multiple intellectual approaches such as design
for environment, pollution prevention, industrial ecol-
ogy, business and economic theory, and more
(Geissdoerfer et al. 2017; Merli, Preziosi, and
Acampora 2018; Saavedra et al. 2018). Several aspects
of CE are motivated by market economics and are thus
longstanding business practices. For example, certain
manufacturing cost minimization actions or product
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Figure 4. Comparison of projected global demand and current supply for cobalt by sector (duplicated with permission from
Campagnol et al. 2018). Demand for cobalt from the battery industry is forecasted to dominate cobalt demand by 2025.
Furthermore, demand from all sectors by 2025 is projected to be 201 kt, more than double the supply available in 2018 (~95 kt).
Demand versus supply projections like this have motivated research into how to recover metals from end-of-life technologies to

dampen demand for virgin materials. (p.a. = per annum).
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performance improvements have the co-benefit of
reducing the material intensity of a product per unit of
the product's output. In the context of PV, examples
include reduction in silver content (VDMA 2021),
which is done to minimize cost of material inputs, and
improvement in module efficiency for converting sun-
light to electrical energy (NREL 2022c), which provides
better product performance for customers. These
actions are primarily motivated to reduce cost, enhance
product competitiveness, or increase market share.

CE success stories exist in related industries. For
instance, lead-acid batteries have one of the highest recy-
cling rates of any product (99% in the United States)
because it is required by regulation, landfills are not
allowed to accept them, and consumers do not want a
hazardous product in their homes (EPA 1985;
SmithBucklin Statistics Group 2019). The automotive
industry has a robust secondary market for used vehicles;
the industry also reuses parts from non-functional vehi-
cles, remanufactures engines, regularly repairs compo-
nents, and recycles around 95% (in the United States) of
vehicles at end of life (EOL) (Aguilar Esteva et al. 2021). It
is estimated that 75% of aluminum ever produced is still
in active use (Kvande 2014). In all of these cases, a com-
bination of economics and human behavior, sometimes
with and sometimes without policy, have led to wide-
spread producer or consumer adoption of CE strategies
once technologies and systems were available. A theme we
will return to is how technology development alone does
not ensure that industries and consumers (including busi-
nesses, governments, and individuals) move toward a
circular economy; instead, multiple factors influence
adoption, which is the necessary condition to achieve a
CE (please refer below to sections “Research beyond
technology development for LIB” and “Research beyond
technology development for PV”).

There is an increasing call to embrace a more circular
global economy, especially from non-governmental orga-
nizations (e.g., Ellen MacArthur Foundation (Ellen
MacArthur  Foundation 2022a), Platform for
Accelerating the CE (PACE 2022)). Some countries have
established policies, the most well-known being the
European Union's CE Action Plan (European
Commission 2015, 2021) and China's Law for the
Promotion of the Circular Economy (Standing
Committee of the National Peoples Congress 2008),
though most countries take a non-regulatory approach,
such as supporting research and development (REMADE
2022; U.S. Department of Energy 2022). It is important to
note that despite the intuitive attractiveness of increasing
material circularity, this should not be a goal in and of
itself. A CE is proposed as a strategy to advance other
societal goals, especially improvement to environmental

quality; long-term security, reliability, and resilience of
industrial supply chains; and improved standards of liv-
ing. Many benefits are claimed by connecting the CE to
different industries, fields of study, and global challenges.
These include increasing manufacturer competitiveness;
boosting economic growth; creating jobs; addressing
United Nations Sustainable Development Goals, particu-
larly Goal 12: Sustainable production and consumption;
securing material supplies; managing waste; improving
resource efficiency; retaining value of materials; using
less materials; reducing GHG, air pollutant, and water
emissions; and addressing environmental justice
(McKinsey & Company 2017; EPA 2020; European
Parliament 2021, Ellen MacArthur Foundation 2022b).
However, there are cases where higher material circularity
comes with trade-offs, such as higher cost or worse envir-
onmental impact (Dias et al. 2021; Li and An 2019;
Tammaro et al. 2015). Thus, it is necessary to evaluate
CE strategies using a holistic systems perspective to assess
achievement of ultimate objectives, identify trade-offs in
advance to inform decision-making, and align key factors
influencing adoption.

It is fair to say that CE is not yet mature in the PV and
LIB industries. Yet, as will be shown in this review, there
has been a growing interest in the research community to
investigate potential circular economy strategies for these
two technologies. The aim of this critical review is to
establish the state of the science for research related to
the CE as applied to PV and LIBs, and in doing so,
illuminate knowledge gaps as well as opportunities for
future research to better develop a CE for these two
technologies.

Though many reviews of specific or small sets of CE
strategies for PV and LIBs exist - 112 and 21, respec-
tively, were identified through this review — this work is
novel for several reasons. First, our review considers all
10 CE strategies, whereas most consider only 1, and
none consider more than 5. (See SI Section S2.3 for
elaboration of the comparison of our review to others.)
Second, few prior reviews can be classified as systematic
(see the Methods section for description), and none that
examine more than 1 CE strategy follow the consensus
PRISMA (Preferred Reporting Items for Systematic
Reviews and Meta-Analyses) guidelines, endorsed by
the Cochrane Collaboration, the World Association of
Medical Editors, the Council of Science Editors, and 187
journals (PRISMA 2021b). Third, of the few reviews that
both consider multiple CE strategies and are systematic,
ours is the only review that simultaneously:

e Analyzes reviewed literature quantitatively.
¢ Considers CE all three major life cycle phases of the
technologies (manufacture, use, and end of life).



o Transparently reports results of literature
screening.

e Considers not just material but also digital CE
pathways.

e Makes research and development recommenda-
tions based on results and synthesis of the review.

Furthermore, we evaluate a greater number of pub-
lications than past studies: Our systematic review pro-
cedures identified for screening 1,103 journal
publications and 251 government reports for LIBs, and
1,349 journal publications and 408 government reports
for PV. We consider this review a comprehensive eva-
luation of the state of the science; whereas other authors
have contributed valuable work with a narrower scope
and perhaps greater detail on specific CE topics - pub-
lications of whom are cited extensively throughout this
review — we take stock of the entire subject's literature.
We hope that the breadth of scope, methodological
rigor, scale of reviewed literature, and depth of analysis
in this review can motivate and guide more targeted and
high-impact future research.

Methods

This review is focused on the CE of LIBs and PV, and the
methods to collect, screen, and analyze literature cen-
tered around this topic. We followed standard systema-
tic review protocols outlined by the Cochrane
Handbook and reported these methods by following
PRISMA guidelines; this ensures that the process by
which we performed this review is as transparent and
reproducible as possible (PRISMA 2021a; The Cochrane
Collaboration 2022). In the next sections we describe the
CE strategies and technologies in focus of our review as
well as our review and analysis procedures.

Scope of CE strategies

CE literature generally agrees on the classification of 10
CE strategies, labelled RO to R9, to signify their stage of
the life cycle: RO = Refuse, R1 = Rethink, R2 = Reduce,
R3 = Reuse, R4 = Repair, R5 = Refurbish, R6 =
Remanufacture, R7 = Repurpose, R8 = Recycle, and
R9 = Recover (energy). It is also generally advised to
use lower-numbered R strategies first and only after
exhausting those to proceed to higher-numbered R
strategies (Potting et al. 2017, Ellen MacArthur
Foundation 2022c). For instance, it is preferred to
reduce the amount of materials used in manufacturing
products then, if possible, to reuse them after a first
owner no longer needs the product, and then repair
products, all before recycling them. General
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descriptions of these terms applied broadly are shown
in Table 1. Application of these definitions for both
LIBs and PV are detailed in sections “Review of
Available CE Pathways for LIBs from a Systems
Perspective” and “Review of Available CE Pathways
for PV from a Systems Perspective.” Definitions of the
lower-numbered CE strategies (R0-R2) can vary, for
instance by whether it is from the consumer or produ-
cer (manufacturer) perspective. Publications such as
(Morseletto 2020; Potting et al. 2017; Reike,
Vermeulen, and Witjes 2018) include consumer-based
definitions for these CE strategies, so we included those
definitions here for completeness. Individuals are often
more familiar with the consumer perspective, which is
why we decided to include those definitions; however,
the literature that we collected was focused on the
manufacturer's perspective and thus is the target of
this review. These terms and their synonyms that
were used in the literature search are detailed in SI
sections S3.1.

Although these definitions are generally agreed
upon, there are discrepancies in how authors use
them when applied to LIBs and PV. CE strategies
such as refurbish, repair, and remanufacture are often
used synonymously, along with additional terms such
as recondition or renovation (Ciobotaru, Benga, and
Viireanu 2021; Liu and Gong 2014). Specifically for
LIBs, the term reuse is often used instead of repurpose
when defining the process of using decommissioned
electric vehicle batteries in stationary energy storage
applications (Cusenza et al. 2019a). Similarly for PV,
the terms reuse and recover are used instead of recycle
to define the processing of silicon from kerf (silicon
ingot cutting losses). Despite authors using conflicting
terms, we classified each publication according to the
definitions in Table 1. For instance, what the literature
calls LIB “direct recycling” we feel is properly charac-
terized as remanufacturing (see Section “LIB CE in the
EOL phase — Material Flows).

While all 10 of the above CE strategies were consid-
ered in our review, we did not focus on rethink and
reduce strategies that are not primarily intended to
improve circularity. As discussed above, this means
that the large body of literature, for instance, on how
to improve round-trip efficiency for LIBs or module
efficiency for PV, as well as dematerialization strategies
intended primarily to reduce cost or improve supply
security, such as reducing cobalt usage in LIBs or silver
in c-Si PV modules, were not of interest in this review.
Given that our review captured over 3,000 publications,
it was beyond our ability to include these topics. That
does not mean that these strategies are unimportant to
achieving a CE, even in cases when improving circularity
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was not their primary purpose. In fact, identifying CE
strategies that align with market economics and other
important goals is critical to the successful uptake of CE.

We offer a further clarification of the scope of our
review in the form of a novel distinction between intrin-
sic and extrinsic circularity. Intrinsic circularity pertains
to improving the circularity of the product itself and is
the focus of this review. Extrinsic circularity is improv-
ing the circularity of the society or economy in which
the product is used. For instance, as the Ellen
MacArthur Foundation (a thought leader for CE) frames
it: “[a CE] is underpinned by a transition to renewable
energy” (Ellen MacArthur Foundation 2022b).
Accordingly, anything that increases deployment of
renewable energy technologies (e.g., PV), like LIBs,
would support a more circular economy. This would
include strategies such as ways to decrease the price of
renewables, improve their performance, or otherwise
increase their deployment. While inherently supporting
increased renewable energy utilization and thus econ-
omy-wide circularity outcomes, extrinsic circularity
strategies are not a focus of this review.

Digital platforms and information systems are key
enablers to the implementation of a CE, serving as
tools to facilitate stakeholders making and communicat-
ing decisions across the supply chain. To our awareness,
this is the first time they are being considered within a
review of CE for PV and LIB technologies. Primary
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pathways include the use of machine learning, artificial
intelligence, or automation in the design and use of a
product or process (e.g., facility optimization, selection
of materials, automation of manufacturing), as well as
product labelling, real-time monitoring, alternative
business models (e.g., product-service systems (PSS)),
computer-based tools to design a product to enable
circularity, and other technology-specific pathways.
Although many of these pathways are still relatively
new, there is significant potential for deployment and
discussion among both industry leaders and CE scholars
(Chauhan, Parida, and Dhir 2022).

Scope of technologies

Although there exist many commercialized LIB cathode
chemistries, this review focuses on lithium ferropho-
sphates (LFP), lithium manganese oxides (LMO),
lithium nickel cobalt aluminum oxides (NCA), and
lithium nickel manganese cobalt oxides (NMC). These
chemistries currently constitute the majority of the
transportation and stationary energy storage markets,
as seen in Figure 5, and are projected to remain leaders.

The scope of PV technologies in this review are c-Si
and CdTe. These two technologies were chosen because
together they make up more than 98% of the current
global module market — c-Si at 95%, and CdTe at
approximately 3%, with 2% consisting of other thin-

Transportation Stationary
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Figure 5. Global market projections of LIBs in the transportation and stationary energy storage markets categorized by cathode
chemistry (IEA 2021¢; Wood Mackenzie 2021). The largest fraction of demand is for NMC, driven by the transportation market, with
projected 2040 demand being more than double the second highest chemistry, LFP. Furthermore, the demand for LIBs by the
transportation sector in 2040 dwarfs the demand for stationary LIBs. The category “other” includes LMO and other chemistries that are
still in early research and development phases. Sources: IEA (2021), [The Role of Critical Minerals in Clean Energy Transitions], All rights
reserved. Wood Mackenzie (2021), [Battery Raw Materials Service — 2021 update to 2040: Demand - H1 2021].
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Figure 6. Projection of global PV capacity (GWp) and market share (%) for c-Si and thin-film technologies, data extracted from (SPV
Market Research, 2021) (Mints 2018). CdTe makes up the largest segment of thin-film technologies, with the U.S. CdTe manufacturer
First Solar alone manufacturing 6 GW, or 3% of the PV market in 2020 (Miller, Peters, and Zaveri 2020). Together, c-Si and CdTe
represent almost 100% of the annual capacity additions today through 2025. (Note: Results from SPV’s “conservative” scenario are

shown).

film technologies that are not within the scope of this
review (Figure 6) (Miller, Peters, and Zaveri 2020; Mints
2018). Note that, in part due to the largest U.S. PV
manufacturer being a CdTe manufacturer, CdTe is
about 16% of the U.S. market with the remainder c-Si
(NREL 2021), as of 2020.

Moreover, a PV system includes the module and the
balance of system components that are required to gen-
erate and transmit alternating current (e.g., inverter,
electrical cables) and provide mechanical support (e.g.,
mounting structure). This article focuses on PV modules
because they account for the largest mass component
and the largest single hardware cost of the PV system,
and they are the most challenging for implementing
circular economy strategies. Therefore, use of “PV” in
the text can be understood to mean PV modules, with
exceptions noted by explicit mention of other compo-
nents or the system as a whole.

For readers not familiar with LIBs or PV modules,
schematic diagrams for each are included in the SI sec-
tion S2.2 to better understand their design, constituent
components, and materials which will be discussed to
throughout this paper.

Collection and screening of publications

The process of collecting and screening publications for
this study followed state-of-the-science systematic
review procedures, as described in the Cochrane
Handbook, and reporting of methods and results follows

the PRISMA guidelines (The Cochrane Collaboration
2022). These methods were chosen due to their ability
to collect maximal information with minimal bias while
utilizing a standardized reporting procedure to allow for
consistent intercomparison and to ensure transparency,
completeness, and potential for reproducibility (Mallett
et al. 2012). Utilizing standardized reporting procedures
(PRISMA) allows better contextualization of our
research as we identify the common methods, gaps,
and potentials for growth in circular economy literature
(Santos and D. Silva 2013).

Our process involved multiple database searches and
four screening phases (Figure 7). We performed three
searches in Scopus for LIB publications in June,
September, and December 2021, and two searches for
PV publications in October and December 2021.
Additionally, we searched in the Office of Scientific and
Technical Information (OSTI) database - a repository of
U.S. Department of Energy-funded publications consist-
ing mostly of technical reports — in September and
November for LIBs and PV, respectively. Because of the
predominance of recycling in CE literature obtained from
Scopus for both technologies, these additional OSTI
searches focused on other CE strategies by excluding
recycling terms. The final collection of publications
obtained from these searches, referred to as “universe,”
totaled 3,111 inclusive of both LIB and PV.

The terms used in the search query represented CE,
CE strategies (RO-R9, except the OSTI search which
excluded R8), and either LIBs or PV, as well as
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Figure 7. Process by which the systematic literature review was performed, following Preferred Reporting Items for Systematic Reviews
and Meta-Analyses (PRISMA) guidelines. Specific steps used certain database and computer programs (see color-coded legend). The
total number of publications obtained from the searches is represented by n = universe. The number of publications included in each
screening process is represented by n;, ,, where x represents the screen iteration (see left side labels). The number of publications
excluded by each step is represented by ne, 4. The values of n;, , for each screen per technology can be seen in Figure 8. The criteria for

inclusion at each step can be found in Table 2

synonyms that are commonly found in the literature for
each. Details about each search round, the determina-
tion of additional search terms, key differences between
Scopus and OSTI searches, and the final search query are
detailed in the SI section S3.1. Note that publications
included in this review were not limited by geography,
though we did require the publication be written in
English.

Once the universe was established, we screened the
publications. Publications that passed a given screen were
moved on to the next; those that did not pass a screen were
excluded from the rest of the study. The criteria for inclu-
sion at each step for both LIBs and PV is shown in Table 1.
More details and examples about each screen's inclusion
criteria can be found in the SI section S3.2.

Screen 3 was the most intensive and thus we empha-
size and elaborate what is shown in Table 2 here. This
screen required review of each publication in its entirety
to decide whether to include the publication based on
the following criteria:

(1) The research must be relevant to CE. This is an
extension of Screen 2 and was included since
some publications’ abstracts suggested potential
relevance to CE but proved to be irrelevant upon
a full-text review.

2)

€)

(4)

The CE strategy must be applied to or start with a
product or process that is specific to the LIB or PV
industry. For example, publications solely discuss-
ing material processing improvements for lithium
mining or how to recover lithium from wastewater
generated in the LIB recycling process were not
included as they could apply to other industries. A
CE strategy must be applied to the LIB or PV
module or the materials used to create it once they
have entered the LIB or PV manufacturing process
or in the design phase. (See the SI section $3.2.3 for
elaboration of examples of this criterion).

The research cannot focus solely on LIBs or PV
cells built into consumer products. LIBs must be
in electric vehicle or stationary energy storage
applications; PV cells must be at the residential,
commercial, or utility scale.

The research cannot soley study LIB cathode
chemistry or PV technology outside of the those
named in Table 2. This criterion allowed inclu-
sion of publications that did not report which LIB
cathode chemistry or PV technology was studied.
Our judgement was that most such publications
indeed studied the chemistries and technologies
of interest, and in any case, only affected a very
small number of publications in most instances.
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Table 2. Inclusion criteria for each screen of the systematic literature review.

LIBs PV
Screen 1: ® |n English
Search ® Published after 1990
® Document type is either a journal article, book series, book chapter (>5 pages), or technical report*
Search 2: Title and ® Relevant to CE or a CE strategy of lithium-ion or EV batteries | ® Relevant to CE or a CE strategy of photovoltaics
Abstract** ® NOT a comment on a prior publication ® NOT a comment on a prior publication
® NOT a duplicate of another publication ® NOT a duplicate of another publication
Screen 3: (1) Relevant to CE of LIBs (e.g., must include CE strategy, LIB) (1) Relevant to CE of PV (e.g., must include CE strategy, PV)
Full text (2) CE strategy must be applied to a process or product thatis | (2) CE strategy must be applied to a process or product that is
specific to the LIB industry specific to the PV industry
(3) Focuses on vehicle or stationary energy storage applications | (3) Focuses on PV at the residential, commercial, or utility scale
(4) Includes NCA, NMC, LFP, or LMO cathode chemistries (4) Includes CdTe or ¢-Si PV
(5) Does NOT solely consider non-LIB to LIB open-loop recycling | (5) Does NOT solely consider non-PV to PV open-loop recycling
Screen 4: Results/ ® NOT a duplicate of the same analysis***
Analysis

*The OSTI search was limited to technical reports and not other types of publications.
**Technical reports do not always provide abstracts, so summaries were used instead.
***When a potential duplicate was identified, and the results reported were the same in each, we only retained the later published work. If the publications had

different methods or results, then both were included.

(5) The research cannot solely focus on open-loop
recycling wherein materials recovered from a non-
LIB or non-PV technology are used in the
manufacture of a LIB or PV, respectively.
Although this is still relevant to the global circular
economy, this type of recycling is not as relevant to
the CE of each technology considered in this
review.

(@
Universe
Pass Screen 1
g Pass Screen 2
Pass Screen 3

Pass Screen 4

The total number of publications from the searches that
passed each screen is shown in Figure 8. In addition, we
classified each publication as either an original research
publication or a review. Analysis of original research
publications were the focus of this critical review, but
prior published reviews helped to also inform our
understanding of the state of the science. Out of 444
publications passing all screens for CE of LIB, 332 are

by
Universe 1349 408

= PassScreen?2
Pass Screen 3

Pass Screen 4

842 29
EX

M Scopus 7 OSTI

Figure 8. Number of publications of the universe and those that passed each screen for LIBs and PV. “Universe” refers to all publications
identified based on the search terms used in SCOPUS and OSTI cumulatively from all search rounds, and equals 1,354 for LIBs and 1,757

for PV.



original research publications and 112 are reviews. Out
of 181 publications passing all screens for CE of PV, 160
are original research publications and 21 are reviews.

Literature classification

From the set of publications passing all screens, we
classified the research conducted in each publication
along 70 different dimensions. Our classifications estab-
lish the prevalence of various attributes which inform
the state of the science in the field of CE research on LIBs
and PV. First, we categorized the publications as “yes” or
“no” for the following eight literature classifiers:
Sustainability and Circular Economy Indicators, CE
Strategies, Life Cycle Phase, Scope of CE Solution(s),
Scale of Operations, Study Types, Publication Type,
Recycling Type, Cathode Chemistry (LIB), LIB compo-
nent, LIB Cell Component, LIB Application, PV
Technologies and Materials Recovered from Recycling
(PV only). Publications may have received zero counts
for Indicators but required at least one count for the
other classifiers. More details and examples regarding
literature classification can be found in Table 3 and SI
section $3.3.

Note that because many publications were typi-
cally found for each classifier and each technology,
in substantiating our findings from the literature as
a whole, we have only cited a limited number. The
reader can implicitly understand our citations as
examples; it would be beyond our capacity in this
review to list them all substantiating publications for
each point and would have risked making the paper
unreadable.

Literature analysis

The counts of publications within each classifier and
sub-classifier were analyzed to establish prevalence of
research attention to the attributes of focus. It was of
interest to distinguish publications that only researched
one sub-classifier - referred to as “exclusive” - from
publications that researched multiple sub-classifiers -
referred to as “multiple”. Through this further differen-
tiation we could identify the prevalence of research that
was more integrative in nature (i.e., including multiple
sub-classifiers).
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Classification of LIB and PV literature was performed
independently by two reviewers: one focusing exclu-
sively on LIBs and the other on PV. To quantify and
minimize potential errors in the classification, we per-
formed verification checks, in which each reviewer clas-
sified a random sample of literature from the other’s
technology. A total of 8% of the literature that passed
all screens was verified (25 for each LIB and PV) with a
combined error rate of 1.4%. This error rate was calcu-
lated through formula (1).

In addition, we identified two sets of publications

that were not recognized as duplicates, representing
an error rate of 0.2% (out of the total 929 publications
passing Screen 2 when the duplication check was
performed). These two publications passed all
screens, but the count inflation by maximum of two
for certain classifiers did not affect any finding or
conclusion. More information can be found in the
supplementary information, Section 3.3.2.

One informative way to visually display the preva-
lence of publications researching specific combina-
tions of sub-classifiers (as well as those with
exclusive focus) is through what is known as an
upset plot, for instance Figure S4 in the SI. (More
information on the python code used for creation of
the upset plots can be found in the SI, Section S3.4.2).
Other ways to visually display our analysis of the
literature are included in the results sections for each
technology (LIB and PV) below, with additional dis-
play items included in the SI Section S$4.

State of the Science: CE for LIBs

Review of available CE pathways for LIBs from a
systems perspective

Based on the literature encountered in this review, we
designed a systems diagram that comprehensively
depicts the CE for LIBs (Figure 9). The diagram tracks
CE strategies across LIB life cycle phases (manufactur-
ing, use, and end of life) by showing possible informa-
tion (blue arrows) and material flows (black arrows)
across the LIB lifespan. For these flows, we show the
allied industries that can source materials from or sup-
ply recovered materials to the LIB industry, the decision
enablers that affect CE actions, and relevant stakeholders
(panel on the right in Figure 9). We also account for the
potential opportunity to integrate renewable electricity

errors in LIB classification + errors in PV classification (1)
(LIB classifiers - LIB publications verified) + (PV classifiers - PV publications verified)
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Table 3. Classifiers and sub-classifiers of LIB and PV publications.

Classifier Sub-classifiers Remarks (when clarification deemed helpful)
Indicators Sustainability | Economic Quantifies the cost of implementing a CE strategy through assessing the economic impact on an
entity or population
Environmental
Social
Circular Economic Quantifies effectiveness or degree of circularity through quantification of the cost of a product or
Economy service after a CE strategy has been applied.
Mass
Lifetime Quantifies the extension of the lifetime (in units of time) added to LIB/PV resulting from a CE
Extension strategy
Effort Quantifies the labor, in units of time, for a CE strategy

CE Strategies

Refuse (RO)

Rethink (R1)

Reduce (R2)

Reuse (R3)

Repair (R4)

Refurbish (R5)

Remanufacture (R6)

Repurpose (R7)

Recycle (R8)

Recover (R9)

Refer to Table 1 for all “R” definitions

Life Cycle Phase

Design

Raw Material Extraction

Manufacture
Use
End-of-Life Starts with decommissioning
Scope of CE Solution(s) | Nano Level of chemistry or technology
Micro Level of PV/LIB enterprise
Meso Level of industrial park, collaboration between PV/LIB industries
Macro Level of city, state, country, or globe
Scale of Operations | Lab
Pilot
Commercial

Study Type

Technology Development

Life cycle assessment (LCA)

Quantifies environmental impacts considering the whole life cycle of a product

Techno-economic analysis
(TEA)

Analyzes components of cost for a process or product

Policy/Standards

Social Behavior

Performance Quantifies the efficiency and related concepts of a LIB/PV system or component after a CE strategy
has been applied
Other Analysis Other quantitative analysis such as human toxicity, material flow, or facility optimization
Publication Type Original Research
Review
Recycling Type Open-Loop Recycled PV or LIB materials used as input for the manufacturing of other products.*
Closed-Loop Recycled PV materials used as input for PV manufacturing, or recycled LIB materials used as input
for LIB manufacturing.
LIB Cathode LFP LiFePO,
Chemistry LMO LiMn,0,4
NCA LiNiCoAlO,
NMC Li(Ni,Mn,Co,)0,

Potential combinations of xyz: 111, 532, 622, 811

(Continued)




Table 3. (Continued).

JOURNAL OF THE AIR & WASTE MANAGEMENT ASSOCIATION @;_ 491

Classifier

Sub-classifiers

Remarks (when clarification deemed helpful)

(PV only)

LIB Cell Component | Cathode Positive electrode
Anode Negative electrode
Electrolyte Conductive medium for the movement of ions between electrodes
Other Any other component of a cell, can include current collectors, separators, binders, or cell housing
Whole unit
LIB Component Cell Unit consisting of cathode, anode, electrolyte, and other components detailed above
Module Collection of cells
Pack Collection of modules
System Combination of the pack and other balance of systems components such as battery management
system, cooling system, etc.
LIB Application Vehicle Used in electric vehicles
Stationary Used for stationary energy storage
PV Technology c-Si Crystalline silicon
CdTe Cadmium telluride
Materials Recovered | Glass Recovered from both ¢-Si and CdTe

Encapsulant

Recovered from both ¢-Si and CdTe

Silicon/Si wafer

Recovered from c-Si

Aluminum Recovered from both c-Si and CdTe

Cadmium Recovered from the CdTe cell

Tellurium Recovered from the CdTe cell

Copper Recovered from both ¢-Si and CdTe

Silver Recovered from c-Si cell

Lead Recovered as “Solder Metals” from both c-Si and CdTe
Tin Recovered as “Solder Metals” from both c-Si and CdTe
Backsheet Recovered from c-Si

Aluminum frame

Recovered from c-Si

Junction box/wiring

Recovered from both ¢-Si and CdTe

*Note: Studies solely focused on non-PV/LIB recycled materials to be used in PV or LIB manufacturing were screened out of our review (Screen 3), as the

recycling of non-PV/LIB materials are not part of PV/LIB CE.

to decarbonize the energy used in the different life cycle
phases (orange circles in Figure 9) and the potential for
the different life cycle phases to impact ecological ser-
vices (green circles in Figure 9).

There are significant similarities between the sta-
keholders and decision enablers for the CE for LIB
and PV, as well as potential impacts on ecological
services and renewable energy use (Figures 9 and 16).
As a result, we combine the discussion of these facets
for LIB and PV systems in sections titled
“Stakeholders in the CE for LIB and PV,” “Decision
enablers for the CE for LIB and PV,” “Renewable
energy use for PV and LIB CE” and “Impact on
ecological services in the PV and LIB CE”, which
appear in the PV results section below.

By convention, we categorize the CE strategies in
this section based on the life cycle stages in which
they are applied. Each CE strategy either recovers or
supplies material or energy in its respective life cycle
stage.

LIB CE in the manufacturing phase — material flows
Three CE strategies — closed-loop recycling, open-loop
recycling, and remanufacturing - bring materials from
the EOL phase back into the manufacturing phase of the
LIB. Recycling approaches are described in the “LIB CE
in the EOL phase — Material flows” section below.

In closed-loop recycling, materials recovered from
LIBs at EOL are reused in the manufacture of a new
LIB (Gaines 2018; Harper et al. 2019). For example, the
cathode is recovered from a spent LIB, relithiated, and
reused in a new LIB (Sloop et al. 2020).

Open-loop recycling includes two possible scenarios:

(1) Materials recovered from non-LIB products are
used in the manufacturing of LIB. Examples
include LIB manufacturing using
a. Silicon recovered from PV manufacturing

(Wagner et al. 2019)
b. Soot recovered from merchant ships (Lee et al.
2018b).
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Figure 9. A systems diagram representing the CE strategies for the manufacturing (M), installation and use (U), and the collection and
recycling (EOL) phases of the life cycle of LIB systems, which are depicted as black circles. Physical material flows, shown on the right
side of the black circles with black lines, are the CE pathways traditionally depicted in systems diagrams; we have added digital
platforms and information system (Info Sys) pathways in blue which can enable or enhance the material ones. Because a transition to
renewable energy is a goal of the CE, we mark the life cycle phases that could incorporate renewable energy with Orange circles. The
stakeholders include various actors who participate in and contribute towards the CE of LIB. The decision enablers include the different
policies that incentivize the CE, and analytical tools, which help quantify the economic and environmental impacts of the CE. Allied
industries manufacture non-LIB products which can either utilize secondary materials recovered from a CE for LIBs or supply secondary
materials to be utilized in the manufacture of LIBs. (EV: Electric Vehicle, S: Stationary, PSS: product-service system, SOH: State of Health).



(2) Materials recovered from LIB are used in the
manufacturing of non-LIB products. Examples
include using material recovered from LIBs to
produce
a. Lubricants (Parikh et al. 2019)

b. Sorbents in remediation of contaminated air
or water (Anh Nguyen and Oh 2021; Cao et al.
2018)

c. Metal organic frameworks (Cognet et al. 2020)

d. Graphene nanosheets (Zhao et al. 2018)

e. Catalysts (Shen et al. 2019, Chen, Wang et al.
2021).

In remanufacturing, individual components of the
collected, spent LIBs are recovered, checked for quality
standards, and reused in the manufacture of a new LIB.
For example, in practice, the cathode (Song, Hu, Chen,
et al. 2017; Gangaja, Nair, and Santhanagopalan 2021;
Sloop et al. 2019), the anode foil, and the anode (Cao et
al. 2021) from spent LIBs have been recovered and
reused in new LIBs.

LIB CE in the use phase — material flows

Various CE strategies can be employed in the use
phase of LIBs, helping to preserve LIB functionality,
extend product lifetime, and avoid recycling steps
that degrade the product into constituent materials.
There are strategies that maintain the product within
the use phase: repair (R4) and direct reuse (R3) of
LIBs as well as rethink (R1) (through alternative
ownership models like product-service systems) and
reduce (R2) (through application of operational best
practices). There are also use-phase CE strategies that
receive LIBs from the EOL phase: repurpose (R7) and
refurbish (R5) as well as when LIBs are collected at
EOL for repair (R4) and then reused (R3).

Upon installation, an LIB can be operated under
direct ownership or with PSS, which we classify as a
rethink CE strategy (Table 1). In PSS, the entity owning
the LIB and the entity utilizing the energy storage service
of the LIB are separate (Wralsen et al. 2021). PSS for
LIBs include business models such as battery swapping
and leasing (Li and Ouyang 2011; Zhang and Rao 2016)
and virtual battery systems (Renewable Energy World
2020), which enable multiple services from a single unit.

During use, the durability of an LIB can be
increased when the user follows recommended best
practices for operation, which include minimizing
exposure to high and low temperatures, minimizing
times spent at 0 and 100% charge, following manu-
facturing calibration instructions, minimizing usage
in high moisture conditions, and minimizing fast
charging (Woody et al. 2020). The increased
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durability corresponds to the CE strategy of reduce
(R2) because the service delivered per unit of raw
material used in manufacturing (e.g., energy storage
per unit mass of cobalt) increases when the func-
tional life of the LIB increases. Digital monitoring
of performance, operational conditions, and health
enables this reduce strategy.

LIB CE in the EOL phase - material flows

In the EOL phase, CE strategies that can be applied
include refurbish (R5), remanufacture (R6), repurpose
(R7), open-loop and closed-loop recycling (R8), and
recover (R9). After EOL LIBs are collected, they can be
evaluated for their potential for refurbishing, repurpos-
ing, and remanufacturing. In refurbishing, the LIB is
collected, restored to its original working condition,
and then used in its original application (Green Car
Reports 2018; Spiers New Technologies 2021).
Repurposing is when the energy storage capability of
the LIB is restored through a series of steps at the end
of life so that the LIB can be reused in an alternate
application. For example, an EV LIB can be repurposed
for use in a stationary energy storage application for
such purposes as load levelling, transmission support,
and grid frequency regulation (Ahmadi et al. 2015;
Brauer 2016; Jiao and Evans 2016, White, White,
Thompson, and Swan 2020). The series of steps involved
in repurposing include collection at specific locations;
presorting based on chemistry, design, and damage;
disassembly and testing for degradation (Liao et al.
2017; Rallo et al. 2020); performance assessment based
on charge and discharge measurements (Liao et al. 2017;
Neubauer, Wood, and Pesaran 2015; Rallo et al. 2020);
and classification for suitable second life applications
leading to reassembly, and certification (Brduer 2016).

If evaluated EOL LIBs do not meet qualifications for
refurbishing, repurposing, or remanufacturing, the next-
preferred CE strategy would be recycling.

Widely used LIB recycling methods (both in open-
and closed-loop applications) are hydrometallurgical,
pyrometallurgical, and direct recycling (Chen et al.
2019). With the exception of pyrometallurgical proces-
sing for certain recyclers (like Umicore), LIB recycling
requires a common first step of mechanical preproces-
sing (e.g., sieving and crushing). In this first step, the LIB
is crushed and reduced in size into a mixture consisting
of a coarse fraction (steel casing, plastics, metal foils) and
a fine product called black mass (Wang, Gaustad, and
Babbitt 2016), which consists of electrode materials
(metal oxides) and carbon (Harper et al. 2019; Lv et al.
2018). Variations in properties such as ferromagnetism,
density, and hydrophobicity (Wang, Gaustad, and
Babbitt 2016) are leveraged to separate the black mass
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from the coarse fraction (Harper et al. 2019; Lv et al.
2018). The recycling methods described in the literature
use the following processes:

e Hydrometallurgical — recycling uses  low-
temperature chemical processes such as leaching,
precipitation, ion-exchange, solvent extraction,
and electrolysis to separate, recover and purify
the metals from the black mass (Briickner,
Frank, and Elwert 2020; Harper et al. 2019;
Yang et al. 2021).

o Pyrometallurgical recycling uses furnace- or smel-
ter-based high-temperature processes such as
incineration, calcination, pyrolysis, roasting, and
smelting to separate and recover the metals in
EOL LIBs (Makuza et al. 2021). As noted above,
pre-processing is optional for certain recyclers
using pyrometallurgical methods i.e., when the
whole LIB is fed into a high-temperature furnace
(Gaines 2019). In pyrometallurgical methods, the
electrolyte and the organic materials including the
separator and the plastics are combusted, providing
energy for the process (Chen et al. 2019). Co, Nij,
Cu and Fe are reduced and recovered in a residue
called matte (Chen et al. 2019; Samarukha 2020). Al
and Li are typically oxidized, separated as slag, and
subsequently recovered through additional proces-
sing (e.g., though chlorination roasting (Dang et al.
2018)) (Lv et al. 2018; Samarukha 2020).
Pyrometallurgical recycling requires subsequent
hydrometallurgical processes to further purify the
metals present in the matte (Samarukha 2020;
Velazquez et al. 2019).

¢ Direct recycling focuses on the recovery and
enhancement of the cathode active materials
(CAM), which are subsequently used in the manu-
facturing of LIB cathodes (Ji et al. 2021). In contrast
to hydrometallurgical methods, which dissolve the
CAM into a solution, direct recycling maintains the
morphology of the cathode crystals (Gaines 2018).
Because of this, we have classified direct recycling as
remanufacturing (R6) since the materials in the EOL
LIB are not reduced to more elemental form after
destroying the component, like in recycling. The key
processes in direct recycling are: obtaining the black
mass, separating CAM from other materials (e.g.,
Polyvinylidene fluoride (PVDEF), graphite) through
thermal and floatation processes, overcoming the
PVDF binder to delaminate the CAM from the
cathode, and regeneration of the degraded CAM
through relithiation (e.g., solid-state relithiation,
hydrothermal relithiation) (Ji et al. 2021). Unlike
hydrometallurgical and pyrometallurgical processes,

regenerated CAM from direct recycling can be used
immediately in remanufacturing new LIB without
further purification steps.

Recover includes the recovery of energy from the
combustion of materials, such as the electrolyte and
the organic materials including the separator and the
plastics (Chen et al. 2019), and the remnant charge in the
LIB prior to recycling (Harper et al. 2019). The recov-
ered energy can be used in the recycling operations.

Enabling the CE for LIBs through digital platforms and
information systems

Beyond the physical material and energy flows, digital
platforms and information systems can help to improve
operationalization of a CE for LIB. These pathways are
less mature than the material pathways and can include:

o Design for circularity (DfC): DIC is considered one
approach to rethink (R1), by incorporating CE
principles into the design of the product or the
manufacturing process with the goal of increasing
the circularity of the product. Design for recycling
(DfR) is one subset of DfC, and design for disas-
sembly is an enabler of DfR. Various DfC
approaches include:

o Designing to facilitate easier disassembly (Li et
al. 2021b) and more efficient recycling (Jin et al.
2020).

o Standardizing designs (Gaines 2018).

o Using materials which have lower environmental
toxicity and human health impact (Gong et al.
20165 Li et al. 2020; Nirmale, Kale, and Varma
2017; Zhao et al. 2020).

o Selecting materials that facilitate easier recycling
(e.g., lowering aluminum content can enable
easier pyrometallurgical recycling) (Tao et al.
2021), reducing the quantity of materials that
are scarce (Gourley, Or, and Chen 2020) or
have a negative social impact associated with
extraction (Banza Lubaba Nkulu et al. 2018; Li,
Lee, and Manthiram 2020; Zhu et al. 2020).

o Improving durability (Cui, Xie, and Manthiram
2021).

o Lowering the material intensity of manufactur-
ing and use (Thompson et al. 2020).

Interested readers can find a review of DfR applica-

tion to several clean energy technologies including

LIBs in (Norgren, Carpenter, and Heath 2020).

Their review presents a list of principles, both gen-

eral and specific for LIBs (and PV), which we have

included in the SI Section S.4.3 because they are
clear and succinct.



o Labels of materials and other attributes: Enhancing
product labeling can enable more efficient decom-
missioning, sorting, and subsequent allocation of the
LIB to the most suitable recycling process (Gaines,
Richa, and Spangenberger 2018). Information not
included in typical product labels that could enable
and improve CE strategies and outcomes include the
chemistry, material origin, design (e.g., manufac-
turer name, location of manufacturing), and mate-
rial constituents of each LIB. The labeling
information can be stored on the LIB as a radio
frequency identification tag (RFID), material pass-
port, or QR (quick response) code (Bai et al. 2020). It
is important for the product itself to carry this infor-
mation since information provided separately by the
manufacturer (e.g., specification sheets, bill of mate-
rials) doesn't always transfer with the LIB as owner-
ship changes, including to decommissioning teams,
recyclers, and others, who are the ones most in need
of the information.

Blockchain is an approach to labeling that can protect
copyrighted and commercially sensitive data such as
the material constituents and the design of an LIB
(Everledger 2020). Blockchain can also help manufac-
turers meet regulatory requirements (e.g., the
European Union's requirement of recycling 70% of
the mass of EOL LIBs by 2030) (Halleux 2021), for
instance, by sharing LIB details with authorized recy-
clers, remanufacturers, and refurbishers.

o Artificial intelligence (AI) and machine learning
(ML): Al and ML can be used in all LIB life cycle
phases. Al and ML refer to a broad class of com-
puter-driven data analysis tools that can be effective
at using manufacture- and use-phase data to dis-
cover efficiencies and automate processes.

Al and ML can be applied in the manufacturing
phase to identify environmentally preferable, less
toxic, and earth-abundant materials; key design
parameters and material properties that drive per-
formance; and novel materials that improve energy
storage and durability (Attarian Shandiz and
Gauvin 2016; Mao et al. 2021; Wu et al. 2018;
Zhang et al. 2019). Examples include materials
screening to improve anode and electrolyte perfor-
mance (Deringer 2020; Zhang et al. 2019), or to
improve electrolytes that can suppress dendritic
growth (Ahmad et al. 2018). As a result, imple-
menting CE strategies that seek to drive economic
and environmental improvements in LIB manufac-
turing will require an incremental approach and
can impose significant economic costs (Kwade et
al. 2018; Thomitzek et al. 2018). AI and ML have
also been shown to enable streamlining of moving
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from lab to pilot and commercial scale and, identi-
tying CE strategies that decrease manufacturing
costs, improve manufacturing process efficiencies,
decrease the production of manufacturing scrap,
and improve the quality of the LIB (Liu et al.
2021; Schnell et al. 2019).

In the use phase, ML-based analyses have com-
bined manufacturer's data and results from accel-
erated aging tests to improve in-use battery state-of
-health assessment (refer to section titled “Specific
applications, chemistries, and components” for
definition of state of health); identify optimal repair
times and change operation to ensure LIB perfor-
mance and reliability; and allow for reuse or repur-
posing (Tang et al. 2021).

In the EOL phase, ML and AI have been shown to
improve computer vision algorithms helping
streamline and automate the LIB waste manage-
ment and recycling processes (Harper et al. 2019)
Additionally, AI and ML techniques can increase
process efficiencies and decrease labor costs in LIB
recycling by providing the controls for automating
disassembly (Li et al. 2019; Wegener et al. 2015),
determining state of health (Basia et al. 2021) and
determining the potential for reuse and grouping
by ageing characteristics and state of charge for
different reuse applications (Chen, Shen, and Xu
2017; Zhou et al. 2020) (Lai et al. 2019;
Rastegarpanah et al. 2020).

Virtual battery storage or product-service systems
(PSS): In PSS, which are considered one approach
to rethink (Table 1), the entity owning the LIB is
separate from the entity consuming the energy sto-
rage function of the LIB. Digital platforms are used
to implement the virtual battery storage and enable
customers to virtually access energy storage services
from the LIB systems, which are remotely located
(Centrica 2022; Energy Storage News 2022).
Optimize design, process and siting: The economic
and environmental cost of LIB recycling operations
depend on multiple factors such as the volume of
EOL LIBs available; the transportation distance; the
cost of storage and handling; regulations; prepro-
cessing steps required before recycling; and the
choice of recycling technology (Tadaros et al.
2020). The application of digital platforms and
analytical tools (e.g., geographical information sys-
tems) to optimize the design, process and siting of
LIB recycling operations based on the above-
mentioned factors, which vary spatio-temporally,
can help maximize the economic and environmen-
tal benefits from LIB recycling (Hao et al. 2021;
Hendrickson et al. 2015).
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Figure 10. A distillation of pre-processing and metallurgical operations of selected commercial LIB (left) and PV (right) recyclers. Pre-
processing (in Orange) and metallurgical (in green) operations are listed in the center. These operations typically occur sequentially
from top down, however some recyclers perform them in different orders or can skip certain operations based on their specific process
and target materials. A circle within a cell in a row indicates the operation corresponding to the row is used by the LIB or PV recycler. A
blank cell in a row indicates the operation is not used by that recycler. (Umi = Umicore (Samarukha 2020; Veldzquez et al. 2019), Akk =
Akuuser (Pudas, Erkkila, and Viljamaa 2011; Akuuser 2021; Harper et al. 2019; Samarukha 2020; Veldzquez et al. 2019), Due =
Duesenfeld (Duesenfeld 2021; Hanisch 2019; Harper et al. 2019; Samarukha 2020; Veldzquez et al. 2019), Rec = Recupyl (Harper et al.
2019; Meshram, Pandey, and Mankhand 2014; Recupyl 2013; Samarukha 2020; Velazquez et al. 2019), Ret = Retriev (Harper et al. 2019;
Novis Smith and Swoffer 2013; Retriev Technologies 2021; Samarukha 2020; Veldzquez et al. 2019), Ont = OnTo Technologies (BEST
Magazine 2020; Samarukha 2020; Sloop et al. 2020; Veldzquez et al. 2019), Sum = Sumitomo-Sony (Cardarelli and Dube 2007;
Samarukha 2020; Veldzquez et al. 2019), Acc = Accurec (Gratz et al. 2014; Samarukha 2020; Velazquez et al. 2019), Lit = Lithorec
(Samarukha 2020), Bat = Battery Resourcers (Gratz et al. 2014; Samarukha 2020; Veldzquez et al. 2019), Fre = FRELP/Sasil (Latunussa et
al. 2016), Veo = Veolia (Veolia 2021a), Fir = First Solar (Sinha, Cossette, and Ménard 2012), Sol = SolarRecyclingExperts
(SolarRecyclingExperts 2021)).

Preprocessing and metallurgical operations in LIB
recycling

¢ Discharge: Removing electrical charge from each
LIB is critical for worker and facility electrical safety.
Researchers have developed many discharge meth-
ods, such as the use of electrical conductors (e.g.,
metal chips, graphite, powders) (Nembhard 2020;
Sommerville et al. 2020; Yu et al. 2021), resistors
(Samarukha 2020), solutions (e.g., discharging in
5% water solution of Na,COj3; and metal powder)
(Samarukha 2020), cryogenic treatment (Yu et al.
2021), and thermal processes (Yu et al. 2021).

e Sort: LIBs can be sorted based on chemistry, size,
shape, and state of health (Yu et al. 2021). The goal
is to minimize processing costs by decreasing varia-

Despite the significant variability in the design and chemis-
tries of various LIB suppliers, our literature review revealed
that recycling for LIB systems can be categorized into a
fundamental set of pre-processing and metallurgical opera-
tions (Figure 10), which are listed in the boxes in the center
of the figure and described below. This is analogously true
for PV module recycling also, which is discussed in the
section “PV CE in the EOL phase - Material flows.”

¢ Decommission and assess: In decommissioning,
an LIB is removed from the EV or stationary appli-

cation (Alfaro-Algaba and Ramirez 2020; Rallo et bility in the above-mentioned parameters. This is

al. 2020; Wegener et al. 2014). Decommissioning is
followed by non-destructive assessment to evaluate
the mechanical integrity and electrochemical safety
of the battery (Rallo et al. 2020; Zhu et al. 2021).
This assessment helps ensure safe conditions for
further treatment, such as preventing the release
of toxic hydrogen fluoride and phosphoryl fluoride
gas due to short circuiting during disassembly caus-
ing thermal runaway (Larsson et al. 2017), or resi-
dual voltage which is an electrical safety issue for
personnel (Diekmann et al. 2016).

especially relevant, for instance, when downstream
recycling processes are designed for specific LIB
chemistries and sizes (e.g., size restrictions for fur-
nace-based recycling) (Nembhard 2020; Yu et al.
2021). For perspective, one recycler reported
receiving 29 multiple chemistries in their
comingled input waste feedstock (Gaines, Richa,
and Spangenberger 2018).

Disassemble: Disassembly involves a series of steps
to separate the pack into its components (e.g., bat-
tery junction box, busbars, cell-module controller,



and battery management system) by removing the
module and then the cells. The cells can then also be
disassembled (e.g., carrier plates, temperature sen-
sing plates). Interested readers can refer to SI Figure
S1 for further elaboration of LIB components.

e Comminute/Liberate: In metallurgy, comminution
focuses on reducing the particle size of the ore.
Comminution facilitates liberation wherein the
valuable metal is freed from surrounding unvaluable
(called gangue) material (Al-Thyabat et al. 2013;
Wills and Napier-Munn 2006). In the case of LIB
recycling, comminution can be achieved through
cutting, rotary shearing, milling and grinding, or
shredding the LIB (Veldzquez et al. 2019).

e Separate: In metallurgy, the fundamental princi-
ple of separation is to concentrate the liberated
metals or minerals by further separating them
from gangue (Al-Thyabat et al. 2013; Wills and
Napier-Munn 2006). For LIBs, the precious
metals contained in the cathode (e.g., cobalt,
lithium, nickel, manganese) are separated from
the other materials such as electrolyte, foils, and
anode (Harper et al. 2019). Separation in com-
mercial LIB recycling facilities uses magnetism,
density, size (screening), surface properties (e.g.,
froth floatation), and hydrolysis and filtration to
concentrate the metals (Harper et al. 2019;
Veldzquez et al. 2019).

o Purify/Extract Metal: In the purification (also
called metal extraction) step, the metal is purified
through either hydrometallurgical, pyrometallurgi-
cal or direct recycling, which have been explained
in preceding sections.

It is important to note that not all the pre-processing
and metallurgical operations are mandatory. One or more
can be skipped based on the process adopted by the LIB
recycler. For example, some operations use pyrometallur-
gical recycling in which pre-processing steps are not
required, and commercial operations might skip from
decommissioning directly to purification.

Analysis and discussion of CE for LIB literature

Our analysis of CE for LIB publications depicts the cur-
rent state of the science (Figures 11-15) reflecting which
aspects are currently prioritized over others by categoriz-
ing papers into one or more classifiers (Table 3). The
concentration on particular aspects of CE for LIBs is in
some cases consistent with those topics’ market impor-
tance, and in other cases reveals which relevant aspects of
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CE for LIBs have been under-investigated, which raises
opportunities for future research. At a high level, we
found that the literature currently emphasizes the follow-
ing topics:

e Recycling, underemphasizing other CE strategies
and indicators.

e Technology development, underemphasizing many
other aspects of a technology such as environmen-
tal, social, and economic performance as well as
policy, regulation, behavior, and other aspects.

e Lab-scale research, emphasized over pilot- and
commercial-scale studies.

e Certain chemistries, components, and applications,
de-emphasizing alternative designs, materials, etc.

e Single-topic research, under-investigating how
attributes interact and can lead to trade-offs or
synergies

Prior focus on recycling over other CE strategies

The results in Figure 11 show that the emphasis on LIB
recycling is significantly greater than for other CE stra-
tegies: Recycling publications are greater in number
than all other CE strategies combined. Because of its
predominance, we performed a deeper analysis of LIB
recycling publications passing our screens, reported in
SI Section $4.1.2, including more detailed plots for the
results shown in this sub-section, classification results of
the recycling-based literature, and further discussion.
More information about the classification of the litera-
ture can be found in SI Section S3.3.

We can also observe from Figure 11 that there is no
consistent pattern of prevalence for certain chemistries to
be favored in research of certain CE strategies, despite
more publications overall on NMC chemistry (Figure
14 (a)).

Although papers discussing non-recycling CE strate-
gies are increasing in number since ~2014, recycling
research still dominates as a proportion of the growing
publication count (Figure 12). The emergence of four
other strategies — repurpose, remanufacture, refurbish,
and reuse — can be attributed to an increase in the
volume of LIB waste (WEF 2018) and the emergence
of market opportunities to apply the decommissioned
LIBs in second life applications (Ahmadi et al. 2015;
Brauer 2016; Jiao and Evans 2016, White, White,
Thompson, and Swan 2020).

Recycling is an important CE strategy and is a
backstop to avoid landfilling after other strategies
have been exhausted. Yet, current literature’s over-
whelming emphasis on recycling is somewhat
misdirected.
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Figure 11. Prevalence (counts) of LIB CE strategies reported in original research publications (columns in top panel) along with
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that the publication reports only one sub-classifier or can be classified as only one study type, “Multiple” indicates that the publication
reports multiple sub-classifiers or can be classified as multiple study types. (n = 332; note that for the pie charts, a given publication
may report multiple chemistries. The total number of publications of the pie charts for the different CE strategies from Refuse (R0) to

Recover (R9) are 1, 10, 2, 16, 4, 7, 69, 66, 232, and 2).

Non-recycling CE pathways are generally preferred
in the CE hierarchy because they usually retain a
greater proportion of the value of the original products
(Richa, Babbitt, and Gaustad 2017). Also, reuse, repair,
refurbish, remanufacture, and repurpose CE pathways
typically have been shown to have greater environmen-
tal and economic benefits and are preferable to recy-
cling (Richa, Babbitt, and Gaustad 2017; Tao et al.
2021). This is because by extending LIB lifetimes, the
embodied energy, carbon emissions, cost, labor, etc.
required to manufacture the LIB now produces a

greater lifetime amount of kWh of electricity stored,
reducing per-unit impact (Richa et al. 2015).
Disassembling a product and separating its constituent
materials (i.e., recycling) is an intensive process, espe-
cially for highly engineered energy technologies like
LIBs and PV.

In addition, the non-recycling CE strategy of rethink
(e.g., PSS) can generate multiple benefits for the various
stakeholders in the CE for LIB. For the customer, PSS can
help lower the cost of using an energy storage service,
decrease the space requirements for the LIB, and ensure
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Figure 12. Annual count of the different LIB CE strategies which were reported in original research publications from 2000 to 2021.
(n = 332). Note that publications that analyze multiple CE strategies were counted under each. Year of publication reflects a journal’s
planned official publication date, even if made available on-line earlier. Thus, there were some publications released in December 2021,

with official publication dates in 2022.

guaranteed service levels (NREL 2015, Renewable Energy
World 2020; SMUD 2021). For the LIB owner, PSS can
help customers realize cost savings from economies of
scale, as it is cheaper to install, service, and maintain an
aggregated large-scale installation than multiple small-
scale installations (Li and Ouyang 2011; NREL 2015;
Zhang and Rao 2016, Renewable Energy World 2020;
SMUD 2021; Wrilsen et al. 2021).

The benefits of non-recycling CE strategies are
important to better understand, especially in light of
their expected growth worldwide (Engel, Hertzke, and
Siccardo 2019; WEF 2018) and because a CE pathway
preceding recycling can alter attributes such as form
factor, material quantity and quality that can affect recy-
cling outcomes such as profitability.

Our analysis found that emphasis on recycling man-
ifests in other ways, too. For example, the literature
focuses most heavily on the EOL phases given that is
where recycling is typically implemented (Figure 13 (b)).
Similarly, extant research heavily emphasizes mass-
based indicators, which is a traditional way to quantify
recycling efficiency (Dodbiba et al. 2013; Dunn et al.
2021; Fu et al. 2020; Gao et al. 2017) (Figure 13 (a)).
This is despite effort-based indicators being better suited
to quantify time and costs required to remanufacture,
reuse, or repair the LIB (Alfaro-Algaba and Ramirez
2020; Rallo et al. 2020) and determine the economic
and environmental impacts of an extended lifetime
(Cusenza et al. 2019; Schulz-Mo6nninghoff et al. 2021).

Figure 11 also shows that CE strategies have typi-
cally been considered individually. Yet, sometimes
certain approaches to improving one CE strategy can
affect another. For example, the hermetical sealing of
cells and gluing together of modules and packs favors
the CE strategy of reuse of a LIB by increasing dur-
ability, but makes the CE strategy of recycling more
costly and environmentally burdensome as the disas-
sembly of sealed and glued modules is a complex and
time-intensive process (Thompson et al. 2020). As
another example, increased adoption of CE strategies
such as reuse and refurbishment will decrease the
volume of waste LIB being sent to recycling, thus
potentially affecting economies of scale. Thus, we
observe a need for more integrated analyses across
more than one CE pathway to inform decisions
about trade-ofts.

Research beyond technology development for LIB

As stated in the Introduction, prevalence of adoption
determines whether and to what degree circular economy
as a concept and strategy succeeds in providing its numer-
ous potential benefits. First and foremost, especially in
unregulated spheres typical of the two technologies being
evaluated in this article, adoption requires favorable eco-
nomics, though behavioral factors also play a critical role.
If a chief motivation to pursue CE is because of purported
environmental benefits (like contribution to decarboniza-
tion), then these benefits must be proven and
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Figure 13. Counts of LIB CE publications based on the classifiers listed in Table 3: of Indicators (A), Life Cycle Phase (B), Scope of CE Strategy (C),
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their own study type in (E) and categorized exclusively as reviews). (Life. Ext. = lifetime extension; Raw Mat. Ext. = raw material extraction; Tech.
Dev. = technology development; Perf. = performance; LCA = life cycle assessment; TEA = technoeconomic analysis).

documented. Finally, even for unregulated markets, poli-
cies and regulations play a critical role in shaping the
marketplace. Yet, as seen in Figure 13 (e), only research
studying technical performance is reported in significant
numbers, with all the others (i.e., studies of economics,
environmental impacts, policy, and social behavior (Table
3)) summing to just over half of that of technology devel-
opment alone. In this section, observations stemming
from the results shown in Figure 13 (e) are elaborated to
define the state of the science in understanding CE stra-
tegies, especially recycling, from perspectives other than
the development of the technology itself and that technol-
ogy’s technical performance.

Environmental and economic analyses. From an envir-
onmental (LCA) perspective, our literature review has
revealed a lack of data describing material constituents for
LIB chemistries, battery designs, and manufacturing con-
ditions, which can be used to assess the environmental
impact of the CE for LIBs. Design decisions, material
choices, and process changes (e.g., as proposed by green
chemistry principles) (Li et al. 2021b) can generate envir-
onmental trade-offs across multiple life cycle phases, which
can be robustly evaluated through an LCA.

The replacement of flammable, toxic, and fluorinated
electrolytes and solvents with water can potentially impact
all life cycle phases of LIBs: The manufacturing phase due to
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Figure 14. Counts of LIB CE original research publications based on the Cathode Chemistry (A) and Application (B). Frame (B) displays
both the publication counts (left column chart) and proportion of publications from each chemistry (right side pie charts). (See Figure

11 for explanation of “Exclusive” and “Multiple”; n = 332.).

the switch in materials, the use phase as the energy density
may be lower and lifespan reduced, and the recycling phase
as the recycling process will no longer be required to recover
the toxic solvents (Li et al. 2021b). Similarly, the use of
recycled materials instead of virgin materials to manufacture
LIBs does not always generate an environmental benefit.
This could be due to a variation in factors such as LIB
chemistry, recycling energy requirements, recycling process
parameters, recovery efficiencies of the three different recy-
cling technologies, and grid mix of the electricity used in
recycling (Ciez and Whitacre 2019). As these factors change
in the market, and with evolving research, parametric sensi-
tivity analysis could help to reveal whether and under what
conditions use of recycled materials yields benefits and to
whom (the recycler, the manufacturer, or society).

Our analysis also identifies a lack of robust uncertainty
assessment when presenting results of LCAs and TEAs for
CE strategies, which are typically in the early stages of
technology development or commercial maturity. A

review of the 29 LCA studies shows that only 3 accounted
for data uncertainty. Future TEAs and LCAs for CE of LIB
can leverage existing methods (Cucurachi, Borgonovo,
and Heijungs 2016; Ravikumar et al. 2018) to account
for and assess the impact of data uncertainty.

We find a need to account for non-recycling CE
strategies in LCAs and TEAs. For example, of 51
LCAs and TEAs of CE for LIB, only 22 focus on
non-recycling CE strategies. This can be attributed to
a lack of publicly available primary data on the bill of
materials and process parameters for non-recycling
CE strategies, which are required to conduct LCAs or
TEAs. For example, there are no publicly available
primary data on the balance - of systems for station-
ary LIB (e.g., the housing, cooling system, insulation,
fire suppression, battery management system) (Pellow
et al. 2020). This lack of primary data inhibits study
of the economic value of recovery of balance - of
systems materials, the assessment of feasibility of
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original research publications, all of which passed the 4 screens.

decommissioning and recycling the whole system,
and any environmental trade-offs (Pellow et al.
2020). In addition, the economic and environmental
impacts of using LIBs to provide a wide range of grid
services in second-life applications currently remain
unquantified (Pellow et al. 2020).

Moreover, there can be potential trade-offs between
economic, environmental, and social impacts of differ-
ent CE strategies. Not only could these attributes simply
be quantified as separate dimensions in the same
research, the application of methods such as multi-
criteria decision analysis (Brans and De Smet 2016;
Prado, Rogers, and Seager 2012) can help formally and
quantitatively evaluate the trade-offs between the three
sustainability indicators. For instance, (Kiker et al. 2005)
used multi-criteria decision analysis to identify the most
optimal and sustainable CE strategy, also incorporating
the sensitivity of the stakeholders to the three dimen-
sions of sustainability.

Policy and regulatory research. Figure 14 (e,f) show a
low count of policy and regulation related publica-
tions, which limits efforts to identify how current or
potential policies could hinder or incentivize the CE
for LIBs. There are several areas where policies have
been identified as helpful to addressing barriers to a
CE for LIB, including lack of standardized designs,
which inhibits efficient automation of decommission-
ing and disassembly (Li et al. 2021b; Wegener et al.
2015). Policies could approach standardized designs as
a mandate, or could create incentives for manufac-
turers to collaborate and share data in protected
ways, even with consumers (e.g., through blockchain)
(Melin 2021). Policies requiring a threshold of mass of
EOL LIBs to be recycled can put certain recycling
technologies at a disadvantage. For example, pyrome-
tallurgy can easily achieve the European Union's 50%
mass recovery target for recycled spent LIBs and may
be incentivized over hydrometallurgy and direct



recycling, which are competing technologies that have
higher recovery efficiencies for cathode and anode
materials yet are more expensive (Harper et al. 2019).

There are further knowledge gaps in policy that
impact the adoption of CE strategies beyond recy-
cling. For second life applications, we find a lack of
clarity on how electrical, building, and fire regula-
tions will apply to second life LIBs in grid and non-
grid applications (Curtis et al. 2021c). With EV ori-
ginal equipment manufacturers providing a warranty
for the LIB in only first life application, there is a
lack of clarity around liability of LIBs in second life
applications, which can disincentivize the large-scale
adoption of LIBs in second life applications and
thereby hinder CE strategies such as reuse, repur-
pose, and refurbishment (Curtis et al. 2021¢; Elkind
2014). Since the CE for LIB will require transport of
LIBs to recycling or other facilities (e.g., plants for
remanufacturing, repurposing, etc.), regulatory clarity
and consistency are required for LIB waste classifica-
tion across different geographies through which the
LIB is transported. However, most states in the
United States do not have waste classification regula-
tions defined specifically for LIBs at end of life (Bird
et al. 2022; Curtis et al. 2021c¢).

Geospatial research to augment other analyses. LIB
installations are expected to become more geographi-
cally dispersed and there will be a corresponding
increase in the transportation distances and costs when
retired LIBs are transported back to waste processing
facilities (Slattery, Slattery, Dunn, and Kendall 2021).
This is due to LIBs typically being classified as hazardous
waste which increases transportation costs (Gaines,
Richa, and Spangenberger 2018).

We identify a need for geospatial tools and methods
to analyze how to

e Decease transportation costs by exploring alternate
models of LIB recycling such as decentralized recy-
cling (which also has been proposed for other tech-
nologies such as PV).

e Optimize the location of LIB recycling facilities
(Hendrickson et al. 2015; Wang, Wang, and Yang
2020)

e Use an optimal mix of transportation modes where
possible (Hendrickson et al. 2015)

e Prevent avoidable transport through accurate state-
of-health-based sorting, wherein only LIB that can-
not be salvaged by repurpose, reuse, or refurbish
are sent to recycling facilities.

e Preprocess LIBs near installation sites.
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e Transport only the smaller mass of black mass to

centralized recycling facilities (electrive.com 2020,
Slattery, Slattery, Dunn, and Kendall 2021).

Non-technology development aspects of LIB recycling.
We found that a key knowledge gap in extent research
on LIB recycling is the lack of integrated and detailed
data on processes and associated costs for all key steps in
LIB recycling, limiting the ability to perform derivative
TEA, LCA and other analyses. Despite recent efforts that
show promise (Dai et al. 2019; Lander et al. 2021),
studies generally focus on specific processes in isolation,
such as upstream operations (e.g., disassembly) and
downstream steps (e.g., recycling the module and cell
components). We identify a need for research on:

e More robust and integrated cost models that
account for various steps and process parameters
of LIB recycling under different pathways.

e Potential changes in recycling processes that affect
material constituents and components for stationary
LIBs (e.g., balance - of systems components) (Pellow
et al. 2020)

e Differences in recycling operations in different geo-
graphies (Ferrara et al. 2021)

¢ Recycling with emerging technologies (e.g., bio-
leaching, deep eutectic solvents) (Ferrara et al.
2021; Roy et al. 2021)

e Changes in economic viability due to potential
improvements in recycling processes.

e The impact of data uncertainties on the cost esti-
mates and the increasing diversity in LIB designs
(Doose et al. 2021).

Below is a summary of the state of knowledge regard-
ing recycling process selection (among the three basic
classes defined above) considering trade-offs, especially
with regard to economic, environmental (e.g., energy
intensity, production), and circularity
performance.

waste

e Hydrometallurgical recycling has been found to
have lower energy requirements than pyrometal-
lurgical recycling, can be tailored to recover valu-
able metals (e.g., cobalt, lithium) with high
efficiencies, and has minimal air pollutant emis-
sions (Forte et al. 2020). However, hydrometallurgy
produces a significant quantity of liquid wastes
from solvent use and sludge (Forte et al. 2020) has
been found to not be economically viable for che-
mistries with low cobalt content (e.g., LFP) (Chen
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etal. 2019) and has slower reaction kinetics, leading
to longer processing times which can impact pro-
cess economics (Harper et al. 2019).

o Pyrometallurgical recycling has been found to be
easy to scale up and useful for recycling
comingled waste streams consisting of multiple
LIB chemistries without the need for time- and
labor-intensive sorting and grouping operations
(Yang et al. 2021). However, pyrometallurgical
recycling is energy-intensive and requires con-
trol equipment for environmentally hazardous
air emissions. Also, recovery of metals like
lithium and aluminum from the slag is currently
not economically viable (Gaines 2019), nor is
recovery of material components such as in the
binders and electrolyte, which are combusted at
high temperatures (Harper et al. 2019; Yang et
al. 2021). The anode is also not recovered
(Harper et al. 2019; Yang et al. 2021)

e Direct recycling (which we classify as remanufac-
turing) has been shown to have lower environ-
mental and economic impacts (Ciez and
Whitacre 2019; Yang et al. 2021) than pyrome-
tallurgical and hydrometallurgical recycling, and
is more circular since the recovered cathode
materials can be directly reused in a new LIB
(Gaines 2019). However, direct recycling is not
as commercially mature compared to hydrome-
tallurgical and pyrometallurgical recycling. It
requires robust sorting of LIB waste by cathode
chemistry (Harper et al. 2019). Furthermore,
research has found direct recycling to be more
viable at smaller, decentralized recycling scales
(Gaines 2019), sensitive to impurities (e.g., Al
and Cu), and may not meet exacting quality
requirements for reuse of cathode materials
(Chen et al. 2019).

It is important to reiterate that the existing analy-
sis of the environmental and economic impacts of the
three recycling technologies are based on factors such
as current models of sorting recycling facilities and
operations, mix of LIB chemistries, and geospatial
availability of LIB waste. Further research is needed
to analyze newer recycling system designs and LIBs.
For example, with the economics of recycling pro-
cesses depending significantly on cobalt content in
the LIB (Lander et al. 2021) there is a need to under-
stand if recycling LIBs of decreasing or zero cobalt
content (e.g., LFP) will be financially viable.

Research beyond lab-scale to pilot- and commercial-
scales

The results in (Figure 13 (d) show that there is a preva-
lence of publications around CE strategies for LIB at a lab
scale. While lab-scale research is useful in demonstrating
proofs — of concept and identifying economically, envir-
onmentally, and socially promising CE strategies, there is
a need for follow-up analysis to ensure that the benefits
can also be realized at a commercial scale.

While it is unclear if the current rate of scaling up needs
to be accelerated to meet projected EOL volumes, success-
ful scaling of CE strategies beyond the lab should
account for:

e Data uncertainty (Ravikumar et al. 2018), which is
typical in assessing lab-scale technologies
(Ravikumar et al. 2018; Wender et al. 2014)

e Impacts from economies of scale(Lander et al.
2021; Wang et al. 2014)

e Directing research and development toward areas
which generate the greatest improvements in CE
strategies (Wender et al. 2017)

e Identifying opportunities and challenges that
become relevant at a commercial scale (e.g., bene-
fits from regulations (Chembessi, Beaurain, and
Cloutier 2021; Curtis et al. 2021c¢), scalable business
models (Hultberg and Pal 2021), costs of transpor-
tation (Lander et al. 2021), and need for automa-
tion at scale).

As an example of possible issues that emerge from
scaling, lab-scale demonstrations may show that auto-
mation for LIB disassembly is safer, prevents material
losses, and is economically efficient (Li et al. 2019; Oak
Ridge National Laboratory 2021). At the same time,
however, there is a need to assess the potential social
implications from reduced employment if automation is
adapted at an industrial scale and offsets labor-intensive
recycling operations (Guyot Phung 2019; Zheng et al.
2021).

Specific chemistries, applications, and components
Chemistries. Reflecting the higher market share of
NMC (BloombergNEF 2021; Wood Mackenzie 2021),
the publication count for NMC-based LIBs is higher
than LFP, LMO, and NCA (Figure 14). However, the
amount of other chemistries is expected to grow
(BloombergNEF 2021) so further research will be helpful
to understand whether CE strategies for one chemistry
can be applied to other chemistries.



The economics of LIB recycling processes depends
significantly on the resale value of cobalt recovered from
the LIB (Lander et al. 2021). Therefore, further research
is required to understand if existing recycling processes
will be economically feasible when applied to LIB che-
mistries with lower or no cobalt content (e.g., LFP).
Potential challenges in the commercial scaling of LFP
and LMO recycling technologies that are relatively
immature need to be addressed. For example, manual
disassembly processes for LFP LIBs, which are labor-
intensive and are currently used in low-technology
readiness level solutions, need to be automated at a
commercial scale to decrease costs and avoid potential
health hazards to employees (Forte et al. 2020).

Since direct recycling and hydrometallurgical recy-
cling processes are typically designed for a specific
chemistry, new flow sheets will be necessary for each
LIB chemistry. Figure S4 in the SI displays counts of
publications with different combinations of classifiers
and chemistry. Among the publications focusing on
LFP, LMO, and NCA, a significant share considers recy-
cling of multiple chemistries (e.g., mixed cathode recy-
cling (Zheng et al. 2017)).

Applications. Reflecting its higher market share
(BloombergNEF 2021), vehicle LIBs show a significantly
higher publication count than that of stationary applica-
tions (Figure 14). Both applications are projected to
grow significantly (BloombergNEF 2021). Thus, there
will be a need for future research on the CE for station-
ary LIB and include its diverse range of grid-service
applications (Faessler 2021), and its differences in the
decommissioning processes, design, hardware, and form
factors compared to vehicle LIBs (Hesse et al. 2017;
Renewance 2021).

Research has shown that there is significant variability
in the environmental and economic (Canals Casals,
Barbero, and Corchero 2019) benefits realized depending
on factors such as the LIB second life application (Casals,
Amante Garcia, and Canal 2019; Richa, Babbitt, and
Gaustad 2017), and if the LIB is reused in the industrial
or residential sector (Mirzaei Omrani and Jannesari
2019). A comprehensive analysis grounded in principles
of LCA and TEA and using consistent assumptions for
the system boundary and the product being offset could
rank the various second-life applications of LIB based on
economic and environment benefits.

Components. Figure 15 shows that the count of pub-
lications related to the CE of cathodes is significantly
greater than the anode, electrolyte, and other compo-
nents in a cell. This emphasis is also motivated by the
economic value of the cathode, which is 65 to 70% of the

JOURNAL OF THE AIR & WASTE MANAGEMENT ASSOCIATION & 505
overall material cost of the LIB, and includes materials
such as cobalt that face supply chain risks (Thompson et
al. 2021). Consequently, the count of CE publications for
cells, which includes publications about cell components
(i.e., cathodes), is significantly greater than the module,
pack, and system (Figure 15 (b)).

While recycling is the most used CE strategy for
cathode materials (Figure S15), the results in SI Figure
S4 show that there are no integrated recycling tech-
nologies to recover the cathode, anode, and the elec-
trolyte. There are multiple reasons why the
development of high-efficiency low-cost recycling
beyond the cathode could be beneficial (Dunn et al.
2021).

First, recent regulations have targeted recycling a
minimum mass of the LIB (Halleux 2021). The anode
and electrolytes are attractive candidates for recovery
as they contribute 30-35% of the mass of LIB (Gaines,
Richa, and Spangenberger 2018; Larouche et al. 2020).
Moreover, as LIB manufacturers actively pursue che-
mistries of lower cobalt content (e.g., NMC811)
(Gaines 2018; Mayyas, Steward, and Mann 2019) due
to the social and environmental burdens in the cobalt
supply chain (Gourley, Or, and Chen 2020), the recov-
ery of cathode materials may be disincentivized. As a
result, the anode and electrolyte may become increas-
ingly attractive candidates as their share of LIB material
cost grows. Despite currently contributing only around
19% of the overall LIB material costs, recycling pro-
cesses that integrate recovery of all three components
could be necessary to improve recycling economics in
the future if cobalt-based value decreases (Kwade et al.
2018). Second, the recycling of graphite, which is the
most commonly used anode material, can help to
decrease reliance on its global supply chains which
are susceptible to socio-political risks (Mayyas,
Steward, and Mann 2019). Third, novel and lower-
cost methods to synthetically produce materials used
in the anode, electrolyte, and other LIB components (e.
g., synthetic graphite for the anode) are appearing
(Mayyas, Steward, and Mann 2019). As a result, the
recovery of anode and electrolyte could have to com-
pete with emerging synthetic pathways of production,
thus motivating research to enhance value from recy-
cling by recovering more materials at higher quality
and lower cost.

Future efforts to improve the circularity for the
entire LIB will need to consider CE strategies that are
applicable to the entire pack instead of just the cell.
One approach could be to operationalize non-recycling
CE strategies such as rethink, reuse, repurpose and
repair, which are typically more favorable from a CE
and environmental perspective than recycling (King et
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al. 2006; Richa, Babbitt, and Gaustad 2017), but are
currently not widely investigated or applied. Despite
the economic and environmental promise, there are
technical and analytical challenges to non-recycling
CE strategies for LIB.

One such challenge is the need for standardized
methods to estimate state of charge (SOC), state of
health (SOH) and the rest of useful life (RUL). These
diagnoses are used to assess the general health and
performance of LIBs: SOC is used to assess the remain-
ing capacity of LIB during charge-discharge cycles, SOH
to examine the aging of LIBs and assess the remaining
charge-discharge cycles, and RUL to measure the period
of time until the end of the useful LIB life (Wang et al.
2021; Wei, Dong, and Chen 2018).

Variance in manufacturing (Kenney et al. 2012) and
operational conditions introduces variability in the SOH
and RUL of cells in the LIB. For example, EV batteries
operate over a temperature range of —20 to 70°C and
undergo around 1,000 incomplete charge/discharge cycles
over 5 to 10 years (Zhu et al. 2021). The variance in the
SOH at the end of life, in addition to the diversity in the
design and form factors (Groenewald et al. 2017), presents
a logistical challenge for grouping cells based on SOH
before reuse in a second life application. We have found
that research is needed on standardizing methods and
technologies to lower cost and time (Groenewald et al.
2017) for rapid SOH evaluation and grouping of LIBs at
end of life without sacrificing accuracy (e.g., through Al
and ML) (Basia et al. 2021; Chen, Shen, and Xu 2017; Zhou
et al. 2020).

Expanding research focus to be more holistic

The count for studies focusing exclusively on one classi-
fier (marked “Exclusive” in our figures) is significantly
higher than those considering multiple classifiers (marked
“Multiple”) for sub-classifiers with a high publication
count (e.g., Mass in Figure 13 (a), End of Life in Figure
13 (b), Nano in Figure 13 (c), Lab in Figure 13 (d)). This
indicates a narrow focus on certain sub-classifiers with a
lack of simultaneous analysis on how the CE for one sub-
classifier impacts other sub-classifiers. For example, in
Figure 13 (b), the significantly higher count for
“Exclusive” than “Multiple” for the end of life sub-
classifier indicates that there is a need for publications to
analyze how the CE at end - of life impacts other life cycle
phases. Publications presenting CE strategies to repur-
pose, refurbish or reuse LIBs at end of life (Figure 9)
can benefit from corresponding analysis on the regulatory
needs, quality and performance requirements for second
life LIBs to ensure that the LIBs are successfully circulated
back into the use phase (Curtis et al. 2021c¢)

Necessity for robust estimates of global LIB waste
volumes

Beyond a limited body of literature for specific countries
(Randell Environmental Consulting 2016, Song, Hu,
Liang, et al. 2017; Morita et al. 2021), there is a lack of
robust estimates of LIB waste volumes which account for

e Decommissioned LIB systems and waste flows at
the level of states, counties, and districts.

e The relative market shares of various LIB chemis-
tries across different geographical regions, which
increases heterogeneity in the LIB waste flows and
can influence the choice of recycling process
(Campagnol et al. 2018)

e The potential impact of emerging policies and
incentives seeking to increase electricity storage
and the adoption of electric vehicles on future
waste flows (IEA 2021b; Pacific Northwest
National Laboratory 2021)

e The expected growth in allied renewable energy
technologies that can accelerate the deployment of
LIB (Peters et al. 2021)

¢ The state of health and state of charge of legacy and
more recently installed LIB systems which could
impact the choice of CE strategy.

Robust, publicly available and dynamically updated
waste estimates for LIB waste, which account for the
above factors and are spatially granular, could inform
commercial decisions to site and scale infrastructure for
recycling and non-recycling CE operations for LIBs.

Socio-technical considerations and approaches

Social impacts of recycling infrastructure, both past and
potential, can affect the ability to site new facilities and
operate current ones. For instance, air pollution from
the recycling of LIBs can negatively impact adjacent
neighborhoods, and has a greater impact on public
health as population density increases (Hendrickson et
al. 2015). Furthermore, given past instances of battery
waste management operations generating negative air
and water quality impacts (ABC7 2020), there have
been documented cases of community resistance to the
siting of new LIB recycling infrastructure (WSKG 2021).

With regard to addressing community concerns,
socio-technical research can be particularly helpful.
Here we highlight three opportunities to advance such
research.

First, because we know that humans (both individuals
and within groups) do not use economic rationality or
policy prescription solely to make decisions, techniques
have been developed within the field of complex systems
science to study and better model behavior. Such



techniques have begun to be applied to the CE
(Walzberg et al. 2021), including systems dynamics
(Guzzo et al. 2022) and agent-based modeling (Stevens
and Supekar 2021), but are still limited. From our
review, we identify a need for more robust socio-
technical assessments that account for:

¢ A more complete set of stakeholders (Figure 9) and
their interactions across the different LIB life cycle
phases.

e The impact of economic factors (e.g., market pri-
cing, value of secondary materials).

o A wider variety of policy instruments.

e Technical factors (e.g., recovery rate of materials,
choice of recycling technology).

e The role of product design and business models on
the effectiveness of CE (Franco 2019)

e The impact of social norms on the effectiveness
of community level CE programs (Tong et al.
2018)

For reference, the above factors have been studied
in agent-based modeling and systems dynamics mod-
els investigating technologies like PV (Walzberg,
Carpenter, and Heath 2021), computer hardware
(Walzberg et al. 2022), biowaste (Skeldon et al.
2018), e-waste (Putri and Kusumastuti 2021), and
construction waste (Beaudet, Larouche et al. 2020).
The goal of such socio-technical analysis is to identify
key levers to successful implementation of a CE for
LIBs and simulate the corresponding economic and
environmental benefits at micro and macroeconomic
levels.

Second, there are significant differences in policy
approaches to incentivize CE for LIBs across different
geographies. For example, policy in China promotes EV
manufacturers to take back EV batteries and share the
procedures and information for disassembly across the
various stakeholders to enable wider adoption of recy-
cling of LIB. This is currently not the case in the United
States (Bird et al. 2022; Curtis et al. 2021¢; Dunn et al.
2021). Approaches such as agent-based modeling could
be used to study market responses to policy initiatives in
specific juridictions, and how juridictions can adopt,
modify, and implement the policies for markets in
their control.

Third, a repository of specialized jobs and skills
in the CE for LIB could help in the design, commu-
nication, and implementation of training and skill
development programs at the federal, state, and
local levels to develop the work force for a CE for
LIB (Curtis et al. 2021¢; Drabik and Rizos 2018;
Wrilsen et al. 2021).
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State of the science: CE for PV

Review of available CE Pathways for PV from a
systems perspective

We organized CE pathways for PV into another systems
diagram (Figure 16) analogous to that for LIBs (Figure 9).
The diagram comprehensively tracks strategies across all
life cycle phases to show CE material and information
flows. A schematic diagram of the design of a typical
crystalline silicon PV module is provided for reference in
Figure S3.

PV CE in the manufacturing phase - material flows
Two CE strategies — refuse and reduce - are applied in the
manufacturing phase. Two additional CE strategies —
remanufacturing and recycling (both open- and closed-
loop) - bring materials from the EOL phase back into the
manufacturing phase.

In the refuse strategy, materials that are environmen-
tally toxic and pose hazards to human health are mini-
mized or eliminated when manufacturing a PV system.
These include, for instance, fluorinated backsheets and
lead-based solders. Fluorinated backsheets can be
replaced with polymer materials that are fluorine-free
(Aryan, Font-Brucart, and Maga 2018; Oreski et al. 2021;
Richard 2011) or have a double glass design (Deng et al.
2019) (Fraunhofer UMSICHT 2017). Eliminating fluori-
nated backsheets decreases the economic costs of c-Si
PV recycling by eliminating the need for additional
processes and equipment (Fraunhofer UMSICHT
2017) to manage fluorinated emissions and wastes
(Deng et al. 2019). As an alternative to the toxicity and
environmental hazards of lead-based solders in Si PV
panels, electrically conductive adhesives (Oreski et al.
2021; VDMA 2020) and tin-bismuth-based solders (De
Rose et al. 2017) are also being utilized.

In the reduce strategy, the material requirements to
manufacture PV panels are decreased. More specifically,
research has focused on decreasing the use of bulk
materials such as glass, aluminum, and solar-grade sili-
con, which contribute the highest share of mass and are
the most energy-intensive material components in a
crystalline silicon PV panel (Mann, Fthenakis, and de
Wild-scholten 2013; Wong, Royapoor, and Chan 2016);
lowering the use of expensive materials such as silver
which are significant cost contributors to manufacturing
PV panels (VDMA 2021); and reducing the use of
materials such as tellurium and indium which are not
earth abundant.

Glass use has decreased as the thickness of front
glass decreased from 3.2 mm (Oreski et al. 2021) to
between 2 and 3 mm (VDMA 2019), and aluminum
use can be reduced through frameless modules
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(Norgren, Carpenter, and Heath 2020). Strategies to
reduce solar-grade silicon usage include decreasing
thickness of the wafer (e.g., 300 mm in the 2000s to
180 mm in 2020) (Oreski et al. 2021), decreasing kerf
losses though improved sawing methods (Kumar and
Melkote 2018; Schwinde, Berg, and Kunert 2015),
and kerf-free wafering (Henley et al. 2011). (The
amount of silicon that is lost as “kerf” from the
cutting of wafers out of silicon ingots is based on
the width of that cut.) Silver can be both reduced in
weight per module and substituted (e.g., with copper)
(VDMA 2021). The thickness of layers of Cd and Te
can be thinned (Krishnakumar et al. 2013).

In remanufacture, individual components of a decom-
missioned PV panel are recovered, purified and reused in
the manufacture of a new PV panel (Deng et al. 2020). For

example, research has demonstrated that silicon wafers
can be recovered from spent crystalline PV panels when
subjected to etching to remove the dopants (e.g., boron),
back contacts (e.g., Al), metallization, (e.g., silver), and
anti-reflective coating (SiNy), and then reused in the
manufacture of new Si PV panels (Lee et al. 2018a, 2017;
Shin, Park, and Park 2017). However, such strategies face
numerous challenges, as discussed in (Heath et al. 2020).

In open-loop recycling, materials from non-PV pro-
ducts such as batteries (Chen et al. 2014) and plastics
(DuPont Teijin Films 2020) are recovered and used in
PV module manufacturing.

In closed-loop recycling, the following materials can
be recovered from EOL PV panels and either can be
reused directly to manufacture new PV panels or reused
after subsequent purification:



e silicon, glass (Rubino et al. 2020),

e cadmium (Berger et al. 2010; Sinha, Cossette, and
Ménard 2012),

e tellurium (Berger et al. 2010; Sinha, Cossette, and
Ménard 2012),

e tin (Huang et al. 2017),

e lead (Huang et al. 2017; Jung et al. 2016),

e copper (Huang et al. 2017; Jung et al. 2016), and

e silver (Huang et al. 2017; Jung et al. 2016).

For example, some research is focused on recovering
and reusing solar-grade silicon that is lost from cutting
the top and bottom of the silicon ingot, (Bronsveld et al.
2013) and as kerf during the wafering process (Li et al.
2021a; Wang et al. 2008).

PV CE in the use phase — material flows

In the use phase, the rethink strategy of PSS can contribute
to a CE for PV wherein the entity owning the PV system is
different from the entity utilizing the PV electricity. For
example, in 37% of the U.S. residential market, the PV
system is owned by a third-party owner (Galen Barbose et
al. 2020). A PSS is advantageous as it reduces the economic
burdens of accessing solar PV electricity for the end con-
sumer (Rai and Sigrin 2013), relieving the time and opera-
tional burdens of financing, purchasing, installing, and
maintaining the PV system, which are managed by the
owner instead (Rai, Reeves, and Margolis 2016). By low-
ering the cost to access PV electricity, PSS can have positive
environmental and social justice outcomes such as easier
and cheaper access to renewable energy in communities
with lower incomes and energy poverty (Drury et al. 2012;
OShaughnessy et al. 2020).

In repair, functional issues and defects of a PV system
are resolved and the PV system continues to be used. To
date, repair has been found to be capable of addressing
defects in a module’s bypass diodes, encapsulant, junc-
tion box, backsheet, glass, and connectors (Beaucarne et
al. 2021; Heide et al. 2021). Repair increases the life span
of PV modules and generates an environmental benefit
by preventing premature and destructive recycling or
landfilling of a significant volume of PV. Wood
Mackenzie projects that the PV repair market could
reach a market value of $9 billion USD by 2025 (Wood
Mackenzie 2020). Repaired modules can potentially be
sold at a lower price than new modules, which could
help drive adoption of PV energy in price-sensitive
markets (Solar Power World 2021).

PV CE in the EOL phase — material flows

The EOL phase consists of decommissioning, collec-
tion, recycling and (energy) recovery. During collec-
tion, PV components that haven’t reached EOL can be
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decommissioned prematurely to be replaced with
newer PV components to improve electricity genera-
tion (e.g., modules with higher efficiency), avoid main-
tenance issues (e.g., hard to find and highly customized
parts), and prevent electricity losses due to frequent
faults in older components (Jean, Woodhouse, and
Bulovi¢ 2019; Longi Solar 2018). This premature repla-
cement is referred to in this industry as repowering. PV
components such as the module and the inverter are
typically repowered, whereby these and other decom-
missioned balance-of-system PV system components
can be directly reused, repaired, and then reused or
recycled.

The EOL phase offers multiple open-loop recycling
alternatives. Research has demonstrated that materials
recovered from PV modules can be reused in:

¢ Building materials (Cerchier et al. 2021)

o Ceramics (Lin et al. 2012)

¢ Cement and concrete (Fernandez et al. 2011; Guojian
et al. 2015; Stehlik, Knapova, and Kostka 2019)

e Tiles (Lin, Lee, and Hwang 2014)

e Paper (Palitzsch and Loser 2011)

e Geoploymers (Hao et al. 2015)

® Bricks (Lin et al. 2013)

e Medical applications (Qin et al. 2020)

e LIBs (Eshraghi et al. 2020).

Of course, it is also theoretically possible to employ
closed-loop recycling, but this has proven more challen-
ging given high material purity requirements and other
specifications that are hard to meet with EOL PV mod-
ules (Heath et al. 2020).

There are three key processes in the recycling of PV
systems, which are understood with reference to
Figure 10:

o System disassembly: The PV system is disassembled
to remove the PV module from the balance of
system (Ravikumar et al. 2016; Sinha et al. 2018).
System disassembly, which occurs during the
decommissioning operation, corresponds with the
Decommission and Assess operation shown in
Figure 10. (Note that precautions should be taken
to eliminate possibility of electricity generation
during disassembly and storage.)

o Module separation: The first objective of this step is
to separate the PV module components (i.e.,
diodes, junction box, cables, frame) from the sand-
wich consisting of the silicon wafer and specialty
materials (e.g., silver, lead, tin, cadmium, tellurium)
held in between glass-backsheet or glass-glass
layers (Latunussa et al. 2016; Sinha et al. 2018).



510 G.A. HEATH ET AL.

The PV module components external to the back-
sheet and glass are typically removed through a
mechanical process (e.g., cutting or a robotic arm)
(Latunussa et al. 2016), which corresponds with the
Disassemble operation shown in Figure 10.

The second objective is to further separate bulk
(e.g., glass, encapsulant, Si wafer, backsheet) and
specialty materials from the sandwich. Processes
used to separate the bulk and specialty materials
include:

o Mechanical (Latunussa et al. 2016; Sinha,
Cossette, and Ménard 2012)

0 Chemical (Doi et al. 2001; Huang and Tao 2015;
Radziemska et al. 2010)

o Thermal (Jung et al. 2016; Lee et al. 2013; Wang,
Hsiao, and Du 2012)

o Optical (Palitzsch et al. 2018)

o Cryogenic (Dassisti, Florio, and Maddalena

2017).

o It is important to note that the degree of separa-
tion and the form in which a material is recovered
varies based on the process used. For example,
the Si wafer can be recovered intact through a
chemical process (Lee et al. 2018a) or in a broken
form through a mechanical process (Latunussa et
al. 2016). The processes used to achieve the
separation of bulk from specialty materials are
represented in Figure 10 as part of the
Community/Liberate and Separate operations.

o Purification/metal extraction: The separated mate-
rials from within the sandwich (e.g., Si wafer,
silver, lead, tin, copper, cadmium, and tellurium)
can be further purified through electrochemical
(Huang et al. 2017), leaching and precipitation
(Huang et al. 2016; Huang and Tao 2015; Sinha,
Cossette, and Ménard 2012), solvent extraction
(Mezei et al. 2008), or ion-exchange processes
(Fthenakis et al. 2006). The purification/metal-
extraction step corresponds to the Separate opera-
tion shown in Figure 10.

In addition, the CE strategy of recover can be pursued
in the EOL phase, wherein energy is recovered by the
combustion of organic materials (e.g., ethylene-vinyl acet-
ate and the backsheet) and used in the recycling process
(Ardente, Latunussa, and Blengini 2019; Rubino et al.
2020). Sorting is required if the PV recycler accepts
more than one PV technology as a part of the input
waste stream (e.g., SolarRecyclingExperts in Figure 10).
The Discharge operation in Figure 10 is not applicable to
PV because PV modules do not store energy.

Enabling the CE for PV through digital platforms and
information systems

Digital platforms and information systems can be
leveraged to implement CE strategies across the dif-
ferent life cycle phases of a PV system (Figure 16).
These pathways are less mature than the material
pathways, so we rely on non-peer-reviewed publica-
tions more heavily to document them. The emerging
digital pathways for PV CE include:

o Design for Circularity: The DfC strategy prioritizes
circularity prospectively during the manufacturing
stage through improved design. The CE strategies of
refuse, rethink and reduce contribute to DfC (Table
1). Guidelines for design for recycling of c-Si PV
modules have been proposed (Norgren, Carpenter,
and Heath 2020) and are summarized in SI Section
S$4.3 for reference for the reader. (Comments on
CdTe module design for recycling can also be
found in (Norgren, Carpenter, and Heath 2020)).
Different DfC options that have been explored to-
date include using environmentally benign alterna-
tives to hazardous materials (e.g., tin-bismuth
instead of lead solders) (De Rose et al. 2017) decreas-
ing the material requirements of PV manufacturing
(e.g., eliminating ethylene-vinyl acetate) (Saint-
Sernin et al. 2008), and designing the PV module
to be more easily recyclable (e.g., using non-adhesive
release layers) (Doi et al. 2003)). Alternatives to lead-
based solders (e.g., electrically conductive adhesives
(Oreski et al. 2021; VDMA 2020) and tin-bismuth-
based solders) (De Rose et al. 2017) will help prevent
the potential release of lead to the environment at
end of life and could potentially prevent modules
from being classified as hazardous waste, with its
accompanying increase in cost of recycling and dis-
posal. PV modules can be designed to include recycl-
able materials which enables more efficient recycling
at end of life (DSM 2021).

One particular challenge in DfC are the laminates
(e.g., encapsulants, the most popular of which is
ethylene-vinyl acetate). They are integral to PV
modules being able to withstand multiple decades
of outdoor deployment anywhere on the globe, yet
they make separating the layers and materials in the
PV module sandwich challenging, resulting in it
being an economic and environmental hot spot
for PV recycling (Ravikumar et al. 2016, 2020;
Bilbao et al. 2021, Cui et al. 2022). The economic
and environmental burdens associated with recy-
cling PV modules can be decreased (Norgren,
Carpenter, and Heath 2020) by eliminating



ethylene-vinyl acetate (Saint-Sernin et al. 2008),
using non-adhesive release layers between the ethy-
lene-vinyl acetate and the glass layers (Doi et al.
2003), and substituting ethylene-vinyl acetate with
alternatives that can be eliminated at lower tem-
peratures (Goris 2014) during recycling.

Labels of materials and other attributes: Digital
technologies such as RFIDs, material passports,
QR codes, bill of materials, and ecolabels (Arup
2020; Chowdhury and Chowdhury 2007) can help
embed and communicate data on the material
origin and constitution, design, and technical spe-
cifications of the PV system between manufac-
turers, installers, and  recyclers. This
communication and transparency of data can
help stakeholders in the use phase to select appro-
priate maintenance and repair activities, and in
the EOL phase to select suitable processes to
transport and subsequently repair, refurbish,
remanufacture or recycle the PV module.
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o Optimizing siting of EOL infrastructure through
geospatial analysis tools: EOL PV waste is going
to be increasingly sourced from geographically
disperse installation locations. The economic
and environmental costs of transportation,
especially if PV waste is categorized as hazar-
dous, increases with the distance to recycling
facilities. As a result, there are trade-offs to
analyze: small-scale decentralized facilities at
the installation site could avoid transportation,
while large-scale centralized collection could
benefit from economies - of scale. Analytical
tools such as geographical information systems
and operational research methods can be used
to optimally locate reverse logistics infrastruc-
ture to minimize the impact of PV recycling
(Choi and Fthenakis 2010a, 2014; Goe,
Gaustad, and Tomaszewski 2015; Guo and Guo
2019; Ravikumar et al. 2020)

e Al and ML: Modern data methods can facilitate the
CE strategy of refuse by aiding material selection
decisions such as choosing alternatives to environ-
mentally toxic and hazardous materials (Rajan et al.
2020) Web-based information systems and the

Stakeholders in the CE for LIB and PV
A successful CE for LIB and PV requires the participa-
tion of diverse stakeholders, each of whom have differ-
ent and often complementary functions.

internet have enabled the creation of PSS-based
business models for PV systems such as leasing
(Loritz 2018), coordinated supply of PV from
remote generators to the grid (deX 2020), and access
to PV electricity from the grid (Svatikova et al. 2015)
Performance diagnostic technologies: In the use
phase, digital and information technologies can
enable more efficient repair and thereby increase
the functional life of in-use PV systems. Examples
of using digital technologies for repair include elec-
troluminescence imaging (Djordjevic, Parlevliet,
and Jennings 2014) real-time performance moni-
toring (Rapaport et al. 2021) infrared thermo-
graphic imaging,(Tsanakas, Ha, and Buerhop
2016; Tsanakas et al. 2015) and Al-based diagnostic
approaches (Haque et al. 2019)

Digital-based business models: Web and internet
platforms (Hirshman 2016; Secondsol 2020) and
blockchain (Hasegawa 2021) enable business mod-
els for the CE strategy of reuse wherein used PV
modules procured from sellers in one location can
be used by buyers from another location.
Blockchain-based platforms can be leveraged to
implement smart contracts and link the supply
from decentralized producers with the demand of
decentralized consumers of PV electricity (Petri et
al. 2020)

For recycling in the CE, stakeholders include:

e Collectors and processors who have important
roles such as collecting, temporarily storing, and
processing the waste before the PV modules or LIB
systems are sent to the recycling facilities (Choi and
Fthenakis 2014; Latunussa et al. 2016)

¢ Entities such as waste management firms and metal
recyclers which recycle LIB and PV systems along
with other products (e.g., minerals, metals, electro-
nics) (Cascade Eco Minerals 2021).

e Organizations which specialize in recycling LIB
and PV systems (Veolia 2021b; ROSI Solar 2022;
We Recycle Solar 2022)

e LIB or PV manufacturers who operate their own
recycling facilities (First Solar 2021) or partner with
external entities (Call2recycle 2022) to close the
material loop.

e Firms that recycle or upgrade/purify specialized
materials contained in LIB and PV (e.g., semicon-
ductor-grade Cd and Te for thin film PV, cathode
materials for LIBs). (5N Plus 2021; Battery
Resourcers 2022)

e Associations of industrial, governmental, and non-
governmental (e.g., researchers, non-profit organi-
zations) members who are seeking to expand the
commercial markets for recycling by developing
compliance services, standards, skills, research
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and development, and location-specific consulting
services (SAE 2016, 2019; Call2Recycle 2021;
ReCell 2021; PVCycle 2022, SSEIA 2022).

e Owners of LIB and PV such as residential, com-
mercial or utility PV and stationary LIB and electric
vehicles, as well as installers (Carroll 2021)(Brasch
and Kobold 2020). These owners and installers can
accelerate a transition to a CE (e.g., through
increased recycling rates) being affected by societal
norms, peer influence, and incentives (e.g.,
rewards, warranties for used PV modules)
(Hansmann et al. 2006, Tang, Zhang et al. 2019;
Deng, Chang, and Green 2021; Walzberg,
Carpenter, and Heath 2021).

Outside of recycling, stakeholders include

e System owners, as well as commercial entities such
as vehicle manufacturers who offer services to rea-
lize other CE strategies such as repair, refurbish,
repurpose, and remanufacture of LIB and PV sys-
tems (Nissan Motor Corporation 2021, Mercedez-
Benz Group 2022; Phoenix Renewable Services
2022; Rinovasol 2022).

¢ PV installers and utilities who play an important role
in informing the standards, regulations, or best prac-
tices for decommissioning (EPRI 2018), facilitating
the repair and reuse of PV panels, reuse of secondlife
LIBs in grid connected applications (Curtis et al.
2021c¢) and switching of installed PV panels for
more efficient panels (i.e., repowering) (Zoco 2018).

Decision enablers for the CE for LIB and PV

Decision enablers include policy mechanisms, analytical
frameworks, and technologies that can inform decisions
and incentivize stakeholders when participating in the
CE for LIB and PV systems.

Policy mechanisms include regulations, laws, volun-
tary standards, and guidance which can mandate, moti-
vate, or incentivize various stakeholders to adopt a CE
for LIBs and PV, and, conversely, sometimes through
regulation or prohibition of linear economy options
like landfilling. Regulations can incentivize recycling
by requiring manufacturers to collect and manage end-
of-life waste through reuse and recycling without cost
to the owner (Washington State Legislature 2017),
mandating a minimum mass to be collected and
recycled (Chowdhury et al. 2020; Wambach 2012),
defining best practices and standards for the various
CE pathways (California Legislative Information 2018;
Curtis et al. 2021c), and classifying the end-of-life
system under specific waste categories to decrease

compliance, transportation, and waste management
costs (e.g., universal waste in the U.S. state of
California) (Curtis et al. 2021a).

Through standards and guidance, the LIB and PV
industry has voluntarily defined and adopted, to a vary-
ing degree, approaches to operationalize a CE, and
thereby improve the sustainability of the LIB and PV
industries (Curtis et al. 2021b; SAE 2016, 2019; UL
Standards 2018; Wade et al. 2018). These standards are
developed by engaging multiple stakeholders and build-
ing consensus (Curtis et al. 2021b). For example, the
American National Standard Institute's NSF/ANSI 457
Sustainability Leadership Standard for Photovoltaic
Modules and Photovoltaic Inverters enables a CE by
incentivizing manufacturers through a points and rating
mechanism to declare recycled material content, define
the take-back process requirements at the end of life,
and set targets for the different material components in a
PV system (NSF International Standard/American
National Standard 2019). Similarly, the Silicon Valley
Toxics Coalition Solar Scorecard uses a points-based
ranking system to enable a CE by incentivizing lower
toxic material content and increasing transparency on
extended producer responsibilities at EOL (Silicon
Valley Toxics Coalition (SVTC) 2019).

¢ Life cycle assessment (LCA) and techno-economic

assessment (TEA): LCA (Cucchiella, D’Adamo, and

Rosa 2015, Cui, et al. 2022) and TEA (Cucchiella,

DrAdamo, and Rosa 2015; Lander et al. 2021, Cui et

al. 2022) are widely used analytical frameworks to

evaluate and improve environmental and economic

outcomes, respectively, of CE strategies for LIB and

PV systems. LCA and TCA have been found to be

applied to

o Recycling (Lander et al. 2021; Mohr et al. 2020;
Ravikumar et al. 2020, 2016)

o Remanufacturing (Deng et al. 2020; Xu et al.
2020)

o Repair (Lunardi et al. 2018; Rajagopalan et al.
2021)

o Repurpose (Foster et al. 2014)

o Reuse (Rajagopalan et al. 2021; Richa, Babbitt,
and Gaustad 2017).

LCAs and TEAs improve the sustainability out-

comes of a CE by

o Assessing the environmental (Aryan, Font-Brucart,
and Maga 2018; Chung et al. 2021; Rocchetti and
Beolchini 2015; Rubino et al. 2020) and economic
(Choi and Fthenakis 2010a, 2010b; Cucchiella,
DrAdamo, and Rosa 2015; Mahmoudi, Huda, and
Behnia 2020) impacts of CE strategies.



o Identifying the most preferable CE technology or
strategy from multiple alternatives (Deng et al.
2019, Cui et al. 2022)

o Identifying environmental (Ravikumar et al.
2020, 2016; Xu et al. 2021) and economic hot-
spots (Deng et al. 2019, Cui et al. 2022)

o Defining the most effective research and technol-
ogy development strategies to address the hot-
spots (Lander et al. 2021; Ravikumar et al. 2020,
2016; Xu et al. 2021).

e Technologies that can inform CE decisions:
These include AI, ML, and blockchain. These
have been explained in the sections above titled
“Enabling the CE for LIB through digital plat-
forms and information systems” and “Enabling
the CE for PV through digital platforms and infor-
mation systems.”

Renewable energy use for PV and LIB CE

As introduced in the “Scope of CE strategies” part of the
Methods section, a CE is underpinned by a transition to
renewable energy. That is because the sources of renew-
able energy are regenerative and constantly replenished,
thus not depleting finite resources, and are supportive of
a CE. Therefore, utilization of renewable energy in any
part of a product’s life cycle is considered another CE
strategy. The black circles in Figures 9 and 16 note which
life cycle stages of LIB and PV have the potential for
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utilization of renewable energy. For an energy-
generating technology like PV, the ideal scenario to
increase climate benefits would be powering with PV
throughout the PV supply chain (Ravikumar et al. 2014,
2017), which some PV manufacturers are starting to
espouse (Ultra Low Carbon Solar Alliance 2020; Longi
Solar 2022).

Impact on ecological services in the PV and LIB CE
All stages in the life cycle of LIB and PV are expected
to have trade-offs between positive and negative
impacts to ecological services. Based on the Ellen
MacArthur Foundation conception of the CE, it is
important to consider such trade-offs when account-
ing for restorative impacts of the CE to ecological
systems (Ellen MacArthur Foundation 2022b).
Impacts to air, water, or land ecological systems can
result from emissions (Aryan, Font-Brucart, and
Maga 2018; Sinha et al. 2019) and land use change
(e.g., during decommissioning of installed PV sys-
tems) (Sinha et al. 2018).

Analysis and discussion of CE for PV literature

The current breadth of research on CE for PV is pre-
sented in Figures 17-20, which show the distribution of
publications across classifiers (Table 3). In the follow-
ing, we discuss how observed tendencies in research
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and thus were excluded from the graphs. See Figure 11 for explanation of “Exclusive” and “Multiple”).
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Figure 20. Counts of PV CE publications based on the classifiers listed in Table 3: of Indicators (A), Life Cycle Phase (B), Scope of CE
Strategy (C), Scale of Operations (D) or Study Type (where E includes all publications and F just reviews). (See Figure 11 for explanation
of “Exclusive” and “Multiple”, and Figure 12 for explanation of abbreviations and acronyms. Count of analyzed publications in panels A-
D is 160 original research publications, panel E is 181 total publications, and panel F is 21 review publications, all of which passed the
four screens. Since reviews were further classified in (F), they were considered their own study type in (E) and categorized exclusively as
reviews. Some publications were not able to be classified when they did not report that aspect. For each panel, publications not
reporting, and thus excluded from the count displayed, are: (A) = 71; (D) = 8); with all of the other panels = 0 publications not
reporting. Note that since a given publication could have analyzed both PV technologies, that publication will count towards both in
the pie charts of panel D).

can lead to possible missed opportunities within cur- o Place less attention on non-recycling CE strategies

rent scientific literature pertaining to CE for PV. At a for PV, and the associated key challenges with
high level, the state of the science in PV CE literature is operationalizing non-recycling CE strategies.

observed to: e Prioritize technology development, deprioritizing

many other aspects of a technology such as envir-

e Overwhelmingly focus on recycling (and only a onmental, social, and economic performance as

subset of current recycling challenges) over other well as policy, regulation, behavior, and other

CE strategies. considerations.
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e More often consider single-topic research, paying
less attention to how attributes interact and can
lead to trade-offs or synergies.

The balance across classifiers in Figures 17-20 for PV
are, by and large, similar to those for LIBs (Figures 11-
13). There are some differences however, which will be
discussed below. One key difference is the significantly
higher count of publications passing our screens for
LIBs than for PV. This means that in some cases, classi-
fier pattern observations for PV are based on very small
sample sizes, and should be understood as less definitive
until more research confirms them.

PV module recycling and selected current challenges
The results in Figure 17 show that the emphasis on PV
recycling is significantly greater than other CE strategies:
Recycling publications are greater in number than all other
CE strategies combined, and even more skewed than for
LIBs (Figure 11). With regard to the prevalence by PV
technology for certain CE strategies, including recycling,
it is interesting to note the higher-than-market-share pre-
valence of CdTe publications. This is likely because the
company manufacturing most of the world’s CdTe runs its
own recycling program and has been notably open about
its practices. By contrast, prevalence by chemistry for LIBs
(Figure 11) roughly followed market share. However, the
proportion of publications studying c-Si for each CE strat-
egy generally reflects the overall technology prevalence of
c-Si publications passing our screens (approximately 70%).
A time series of CE strategies shows that 2021 is
the only year displaying substantial interest in non-
recycling CE strategies (Figure 18), with the excep-
tion of recover which has been studied fairly consis-
tently since 2015. Reuse and repair have been the
subject of a few studies since 2010. Also, the first
publications on repurpose appear in 2021. Increasing
volumes of decommissioned PV panels, including
those with remaining capacity greater than the com-
mon warranty level of 80% rated nameplate capacity,
should motivate more research into non-recycling CE
strategies such as repair and reuse. Preliminary esti-
mates suggest that 80% of decommissioned PV mod-
ules are younger than 4 years from the date of
manufacture, and that 45-55% of these modules can
be repaired or refurbished (Tsanakas et al. 2020).
As stated in the LIB section, recycling is an impor-
tant CE strategy and is a backstop to avoid landfilling
after other strategies have been exhausted. Yet, cur-
rent literature’s overwhelming emphasis on recycling
is somewhat misguided. Non-recycling CE pathways
are generally preferred in the CE hierarchy because
they usually retain a greater proportion of the value

of the original products, and amortize the input
energy, emissions, and materials over a longer life-
time vyielding higher lifetime generation (Ellen
MacArthur Foundation 2022b). We refer the reader
to the corresponding LIB section above for additional
discussion points that apply equally to the case
of PV.

With the clear focus of recycling in the PV CE litera-
ture, there are also many articles reviewing the state of
published recycling research (Chowdhury et al. 2020;
Heath et al. 2020; Sica et al. 2018). Instead of attempting
to repeat the depth of attention those articles provide to
the topic, we focus on just three main challenges we
observed in the current status of PV recycling, in order
to give equal attention to the smaller body of literature
on non-recycling CE strategies. The three observations
are that:

e There is no integrated process to recycle all materi-
als in a ¢-Si PV module.

e Challenges and opportunities exist in recycling
energy-intensive solar-grade silicon.

e Cost is perhaps the greatest challenge for increased
adoption of PV recycling.

Lack of an integrated process to recycle all materials in a
¢-Si PV module. The results in Figure 19 (a) show that
there is a significant emphasis in extant research on
recovering bulk materials such as the aluminum frame,
glass, junction box, and the silicon wafer from c-Si
modules. Not only does the higher mass fraction make
them easier recycling targets, but focusing on them
enables compliance with mass fraction-based recycling
regulations, where they exist (Tsanakas et al. 2020). A
largely separate set of publications have focused on the
recovery of specialty materials such as solder metals (e.
g., lead, tin) or precious metals like silver to increase
revenues from recovered materials. An analysis of c-Si
publications over time (Figure 19 (b)) illustrates an
initial emphasis on bulk materials, later adding specialty
materials. Similar results are observed for CdTe PV
modules (Figure 19 (c, d)).

However, currently there is no commercial-scale inte-
grated process to recycle all of the materials - both bulk
and specialty - in a ¢-Si PV module (Heath et al. 2020).
This can be seen in Figure S20 which displays the precise
combination of materials each recycling publication
asserts it can recover. An integrated process that
recovers both the bulk and specialty materials will
ensure complete circularity of the PV module and
meet potential new regulations requiring such recovery
(Heath et al. 2020; Cui et al. 2022). Note that CdTe



recycling, which is dominated by CdTe's largest manu-
facturer and is now in its third commercial-scale design,
does recover all materials (Search for “First Solar” here:
https://www.cdp.net/en).

Challenges and opportunities in recycling energy-inten-
sive solar-grade silicon in silicon manufacturing. The
increasing focus over time on recovering Si (Figure 19
(b)) can be attributed to solar-grade Si representing
25% of the cost (VDMA 2019) and 40-50% of the
embodied energy of a Si PV panel (Peng, Lu, and
Yang 2013). Though likely improved in practice,
prior research suggests that 40-50% of the solar-
grade silicon is lost as kerf, top cut and bottom cut
from a purified silicon ingot (Bronsveld et al. 2013;
Yang et al. 2019).

We identified two broad approaches to mitigate
solar-grade Si losses in cell manufacturing: (1)
Reduce the kerf losses by applying sawing methods
that are less wasteful (Kumar and Melkote 2018;
Schwinde, Berg, and Kunert 2015) or by developing
kerf-free wafering processes (Henley et al. 2011); and
(2) recover and reuse silicon from kerf (Li et al. 2021a;
Wang et al. 2008) and recycle and reuse the silicon
from ingot cuts. However, impurities in ingot cuts and
kerf can degrade cell performance (Davis et al. 1980).
Further research is needed to investigate and charac-
terize the type and level of impurities in ingot cuts and
kerf and how these compare with those in virgin solar-
grade silicon (SEMI 2012). Optimizing methods of
recovery of ingot cuts and kerf to minimize impurities
(Drouiche et al. 2014; Li et al. 2021a) and evaluating
any trade-offs in PV cell performance, economic costs,
and environmental impact from replacing virgin solar-
grade silicon with secondary silicon across a broad
range of silicon manufacturing conditions could
improve CE outcomes for Si PV modules (Heath et
al. 2022). In addition, the supply of kerf as feedstock in
open-loop recycling to allied industries (e.g., hydrogen
production (Kao, Kao, Huang, and Tuan 2016),
lithium-ion batteries (Kim et al. 2019)) may be eco-
nomically and environmentally preferable to
landfilling.

Cost is perhaps the greatest challenge for increased
adoption of PV recycling. Although there are other
important  factors, especially  socio-behavioral
(Walzberg, Carpenter, and Heath 2021), as stated
above, cost is a critical metric influencing adoption of
CE strategies. Publicly available data, albeit limited,
indicate that the value obtained from recovered materi-
als of PV modules does not exceed the cost of recycling
(Deng et al. 2019; Rubino et al. 2020; Tao et al. 2020, Cui
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et al. 2022), which may be the most significant challenge
to scaling recycling capacities to manage the projected
increase in PV waste and operationalize a CE for PV.
The lack of cost-revenue balance is further aggravated by
the absence of robust analysis on how heterogeneity in
the design of PV modules (e.g., double glass versus
backsheet glass, fluorinated versus non-fluorinated
back sheets) will impact the recyclability of modules
and the economic sustainability of future recycling
operations. For example, decreasing silver content in
PV modules (VDMA 2020) will lower the recycling
revenues from resale of recovered materials and further
increase the challenge of making PV recycling profitable.
Similarly, the use of Tedlar backsheets, which contain
fluorine, may increase the cost of high-temperature
recycling operations by requiring additional emission
control equipment to manage fluorinate emissions
(Aryan, Font-Brucart, and Maga 2018).

Challenges in non-recycling CE strategies for PV

The disproportionate emphasis on recycling leaves
many unanswered questions and challenges for non-
recycling CE strategies, a selection of which are dis-
cussed below. Addressing them can aid the successful
scaling of CE for PV.

Refuse. Potential trade-offs are a key concern with
regard to increased adoption and impact of the refuse
CE strategy. We find that several performance-related
trade-offs are less frequently studied, such as economic,
material availability, and environmental trade-offs, yet
are important to achieving the goals of a CE. Additional
studies will be necessary to draw more definitive con-
clusions and identify options with the greatest benefits
and fewest trade-offs.

An example of an environmental trade-off is that
while the elimination of toxic and critical materials can
generate environmental benefits in certain life cycle
phases (e.g., at end of life) and improve rankings per
sustainability standards (such as the Sustainability
Leadership Standard for PV Modules and Inverters
(NSF International Standard/American National
Standard 2019)), it can also degrade the panel during
the use phase due to a decrease in durability or perfor-
mance. This could result in decreased electricity genera-
tion and lower revenues, and increased operations and
maintenance costs (see below).

Further examples of refuse strategy performance-
related trade-offs that we found in the literature include:

e Fluorine-free backsheets could have lower durabil-
ity than fluorinated backsheets (DuPont 2020).
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o Replacing silver with copper metallization could
negatively impact the durability and performance
of the Si PV module (Phua et al. 2020).

¢ Replacing indium tin oxide with Al-doped zinc
oxide could impact the durability and conductivity
of this layer (Zhang et al. 2021).

o Frame-free designs for PV modules can negatively
impact the economic feasibility of downstream PV
recycling operations since revenues from resale of
recovered aluminum are significant (DAdamo,
Miliacca, and Rosa 2017; Deng et al. 2019).

o Lead-free and low-temperature soldering alterna-
tives may have lower thermal fatigue resistance
than conventional lead-based solders (Spinella
and Bosco 2021), which could impact module dur-
ability and performance.

A consequence shared by many of the above-listed
trade-offs is degradation of the panel during the use
phase, which could result in increased operations and
maintenance costs and decreased longevity leading to
decreased electricity generation. This in turn leads to
lower revenues as well as increased environmental
impacts per unit generation (which is the typical unit
of comparison for LCAs).

We also note that the inclusion of novel materials in
the design of PV modules as a part of the refuse strategy
will require continuous review of the relevance, accu-
racy, and applicability of existing technical standards.
For example, it has been found that new standards may
be required to more accurately test the performance of
lead-free solders (Spinella and Bosco 2021).

Reduce. Another underrepresented strategy in the extant
PV CE literature is the reduce strategy. Here, we found
concerns that dematerialization poses trade-offs in other
life cycle phases and to other CE strategies. For example,
the continual thinning of silicon wafers (VDMA 2020)
could negatively impact recycling revenue once recycling
companies find markets for recovered silicon. This is
analogous to the previously mentioned silver content
reduction and its already-observed impacts on recycling
economics (Crownhart 2021).

Remanufacturing. The main remanufacturing strategy
for PV modules found in the literature is the recovery of
intact silicon wafers as substitutes for virgin wafers. This
strategy, while demonstrated as possible in the labora-
tory (Frisson et al. 2000), has numerous practical, eco-
nomic, performance, and environmental challenges
(Heath et al. 2020). Heath et al. (2020) went so far as
to title a section of their article “Deemphasize research
and development on recovery of intact silicon wafers.”

Tao et al. suggest there might come a time in the future
when recovery of intact wafers could be used in new
modules (Tao et al. 2020), but considerable research and
investment would be required to commercialize. For
instance, we find that is first necessary to perform
research on the key process concerns for manufacturers
and to ensure that recovered Si wafers meet manufactur-
ing purity requirements.

Repair and Reuse. A broad set of challenges prevent
wider adoption of repair and reuse of a PV module. Cost
is the key barrier, which manifests in two forms. First,
what little is publicly reported about the cost of repairs
suggests they are high: Total repair costs are estimated to
vary between €20 and €90 per module in Europe
(Tsanakas et al. 2020), with unknown variability in
these costs by geography. Even when modules can be
directly reused (no repair required), the value proposi-
tion can still be challenging for many second use scenar-
ios (Lunardi et al. 2018; Rajagopalan et al. 2021). Second,
a primary alternative to repair in jurisdictions without
regulatory preclusions is landfilling, which is inexpen-
sive in a relative sense, especially in the United States.
Low-cost alternatives disincentivize private investments
to scale up repair operations, which could be a solution
to reduce their cost (ASES 2020; CPUC 2019; CSSA
2020; Curtis et al. 2021a). Furthermore, costs of repair
have only been reported for certain components (e.g.,
bypass diode, junction boxes) and not others (e.g., back-
sheets), which calls for more comprehensive research
and commercial analyses (Heide et al. 2021; Voronko
et al. 2021)).

An additional issue confronting repair is spare parts.
Beyond theoretical estimates (Walker et al. 2020), there is
no empirically grounded research on how a diverse range
of spare parts can be sourced in a timely, operationally
feasible (e.g., storage space for spare parts) (IFC 2015),
and economic manner to repair fielded modules, which
span decades from the year of manufacture. The lack of
suitable spare parts can make repair of PV modules infea-
sible and make recycling or landfilling unavoidable.

Lack of ability to finance, insure, maintain warranty,
and obtain permits for second use PV modules signifi-
cantly inhibits growth of this market (Curtis et al.
2021b). It is generally viewed that to address these
impediments, standards for safety, durability, and per-
formance will be required, underpinned by the develop-
ment of testing procedures (Curtis et al. 2021b; Heide et
al. 2021). Such standards could help to develop objective
pricing mechanisms, design robust business models, and
enhance customer trust (Tsanakas et al. 2020).
Separately, we note that it is important to ensure that if
PV modules are sold or donated, that the recipient is in a



location with access to repair and recycling facilities.
This is to avoid a short circuit to landfilling simply in
another location that perhaps does not have adequate
environmental safeguards. We also note that this is
another value proposition for digital systems (e.g.,
RFIDs) to track and monitor the flow of second life PV
modules globally.

Rethink (product-service system (PSS)). There are also
challenges to realizing the rethink strategy of PSS for PV
systems. Whereas third-party ownership is a common busi-
ness model in the United States, it is not in other countries,
and there is a lack of research on how PSS affects PV
circularity. We note that the PSS business model can help
to increase the share of PV owned by low- and medium-
income households (O’Shaughnessy et al. 2020).

Research beyond technology development for PV
Environmental and economic analyses. Despite a sig-
nificant number of publications (Figure 20 (e) and
Figure S30 (E)), we identify persistent methodological
challenges in the application of LCAs and TEAs to CE
strategies for PV systems. There is a lack of quality data
on the bill of materials and unit processes that are
required to accurately model the environmental and
economic impacts of CE strategies through LCAs and
TEAs. This is especially true for non-recycling CE
strategies, which have not been as widely studied and
commercialized as recycling (Rajagopalan et al. 2021;
Tsanakas et al. 2020). Uncertainty in inventory and
process data, which is typical of low-technology readi-
ness level CE technologies, introduces uncertainty and
variability in LCA (Ravikumar et al. 2020) and TEA
results (Deng et al. 2019; Dias et al. 2021), and thereby
uncertainty in the decision-making process (e.g., choice
of the best CE strategy, best approach to improve a CE
strategy). Assessing sustainability impacts of CE strate-
gies requires a broader systems perspective as CE stra-
tegies can generate economic or environmental benefit
in one life cycle phase while introducing burdens in
another. For example, a decrease of silver content in
the manufacturing phase (Hamann et al. 2013; Karas et
al. 2020; Oreski et al. 2021) can make the manufacture
of modules cheaper but can also negatively impact the
economic feasibility of recycling operations by decreas-
ing the revenues earned from resale of recovered silver.
Variability, which is introduced through multiple fac-
tors across the life cycle and across different CE strategies
(e.g., scale of operation, change in module design, geogra-
phical region of operation) can impact the results of LCAs
and TEAs and needs to be robustly accounted for. For
example, the electricity consumed by a CE strategy, that
electricity’s CO, intensity, cost and displacement (e.g.,
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electricity avoided by second life PV systems in reuse)
varies by geography, which introduces variability in the
results of the TEA and LCA. Also, there may be trade-offs
across different environmental impact categories (e.g.,
GHG emissions, water use, land use) as well as between
the environmental and economic performance of various
CE strategies. For example, a recent study showed that a
novel thermal process to recycling CdTe PV systems is
preferable to the currently deployed process, but while
being preferable in nine environmental impact categories,
the process is worse off in the ozone depletion category
(Ravikumar et al. 2020). It is beneficial to be aware of such
trade-offs ahead of time so more optimal choices can be
made and remaining trade-offs accepted.

Recent advances in LCA and TEA can be leveraged to
address the above-mentioned methodological challenges
and improve the robustness of their findings. These
include:

e Anticipatory LCA (Wender et al. 2014), which has
methodological features that can better evaluate
low-technology readiness level technologies.

e Advanced methods of uncertainty and sensitivity
analysis to better account for data uncertainty and
variability (Cucurachi, Borgonovo, and Heijungs
2016; Ravikumar et al. 2018; Wender et al. 2017)

¢ Methods of multi-criteria decision analysis (Prado-
Lopez et al. 2013, 2016) that can better evaluate and
account for trade-offs across economic and envir-
onmental impacts (and others).

Policy and regulatory gaps in CE for PV. Research on
policy and standards for non-recycling CE strategies
(Figure 20 (e)) and recycling (Figure S30 (E)) for PV has
been less frequent than technology development, LCA, and
TEA. As a result, knowledge gaps persist in policy and
standards which can hinder the adoption of different PV
CE strategies such as reuse and repair. As explained in the
previous section, we discuss potential knowledge gaps in
the non-recycling and recycling CE strategies that can be
addressed to improve the CE outcomes for PV.

o Non-recycling CE strategies: It has been observed that
there are no publicly available data on policies
regarding the legal liability associated with installa-
tion or use of repaired modules (Curtis et al. 2021a).
From our review we propose that some of the key
questions needing clarity include: Who bears legal
liability - the original equipment manufacturer, the
entity repairing the module, or the owner in the
second life? How will existing fire, electric, and inter-
connection codes impact the use of repaired mod-
ules in rooftop and grid-tied settings? Will original
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manufacturer certifications for reliability apply to
repaired modules? We also direct the same questions
to the reuse CE strategies. Addressing these ques-
tions and others could help to accelerate the repair
and reuse of PV systems.

o Recycling: The low number of publications on

policy and standards for PV recycling (Figure
S30 (E)) has resulted in knowledge gaps that
can impede scaling of PV recycling. Variability
in regulations and how they apply to PV waste
can introduce uncertainty in how EOL PV sys-
tems are collected and managed prior to recy-
cling. For example, a lack of clarity as to when a
PV system becomes a waste to be regulated by
the Resource Conservation and Recovery Act of
1976 (RCRA) has been observed (Curtis et al.
2021a). The PV system can potentially be
defined as waste after the end of first life when
it’s decommissioned or after the second life (e.g.,
after repair and reuse). This determination
impacts who is subjected to the RCRA regula-
tions (e.g., owner of PV systems at the end of
first or second life) and processes used to man-
age the PV systems between the first and second
life. Another important policy question is if the
RCRA household hazardous waste exclusion
applies to residential PV systems, which impacts
how the PV module can be collected and dis-
posed and who bears liability. In addition, there
is a lack of consensus around standardized test-
ing protocols to assess the toxicity compliance
and classify PV modules into hazardous and
non-hazardous waste categories (Curtis et al.
2021b). Waste categorization of PV modules
impacts choice and cost of downstream pro-
cesses like transport and storage, which precede
module recycling. Finally, regulations for bulk
PV materials can drive increased recycling and
impact siting decisions for recycling infrastruc-
ture. For example, potential future regulations
restricting import and export of metal scraps
such as aluminum and copper could lead to a
need for increased capacity in local recycling
operations for the aluminum and copper con-
tained in the PV module (Reuters 2020; S & P
Global Commodity Insights 2021).
We posit that the above knowledge gaps can be
addressed through future research that engages
multiple stakeholders, elucidates their viewpoints,
and identifies key regulatory challenges that hinder
PV recycling, as such input can inform policy
makers of priority stakeholder needs in terms of
regulatory clarity.

Social and behavioral aspects of the CE for PV. The
results in Figure 20 (a,e) show that quantifying the social
impacts and behavioral aspects of the various stake-
holders (Figure 16) on the CE for PV is limited. We
make similar observations for PV recycling (Figure S30
(A) and S30(E)). The following bullets discuss opportu-
nities to address knowledge gaps in social and behavioral
aspects that we identified in our review that could poten-
tially improve the CE for PV. Given that recycling dom-
inates existing PV CE research and is relatively more
commercially mature than non-recycling strategies, we
separate the discussion for recycling and non-recycling
CE strategies.

e Non-recycling CE strategies: We identified key
knowledge gaps for (1) the social drivers that influ-
ence the effectiveness of a CE for PV and (2) the
social impacts that are realized after a CE for PV is
implemented.

From a social drivers perspective, there is a lack of a
robust understanding of customer attitudes (e.g., pub-
lic perception and awareness towards PV recycling)
(Daniela-Abigail et al. 2022) which can prevent a
successful rollout of a CE (Walzberg, Carpenter, and
Heath 2021). To enhance stakeholder participation in
a CE for PV, it is vital to identify stakeholder concerns
(Salim et al. 2019) and preferences (e.g., through
interviews and surveys (Daniela-Abigail et al. 2022))
(Marjamaa et al. 2021) and identify strategies to effec-
tively communicate the goals and benefits. We find
that further research is required on how diversity in
existing policies, market incentives, price sensitivity to
secondary PV panels, and purchasing power in the
secondary markets impacts a CE for PV. A better
understanding of customer preferences and market
conditions will help develop more effective business
models (Svatikova et al. 2015), which will increase
profitability and social acceptance for the CE for PV.
Tools in socio-technical analysis such as agent-based
modeling and systems dynamics modeling can be
applied to help incorporate stakeholder preferences,
quantify the effectiveness of various incentives (e.g.,
policy incentives, pricing), and simulate CE outcomes
for PV (Skeldon et al. 2018, Beaudet, Larouche et al.
2020; Walzberg, Carpenter, and Heath 2021; Putri
and Kusumastuti 2021; Walzberg et al. 2022).

From a social impacts perspective, despite emerging
studies (Markert, Celik, and Apul 2020), we find a
lack of robust and comprehensive analysis on the
social impacts of a CE for PV. Potential social impacts
that would benefit from further investigation include
the creation of employment opportunities, decrease in
energy poverty through lowering the cost barriers to



access PV (e.g., secondary PV modules), and preven-
tion of environmental release of hazardous materials
(Mies and Gold 2021; Vanhuyse et al. 2021).

® Recycling: We find that further research is
required to understand the potential jobs that
can be created from recycling PV operations and
trade-offs from automation (e.g., loss of employ-
ment versus reduction in labor costs). Obtaining
robust estimates of employment opportunities
through PV recycling is especially important as
PV is one of the fastest growing job creating
sectors in the United States (Bureau of Labor
Statistics 2021). We find that beyond aggregated
employment estimates, there is a need for in-
depth analysis to create a repository of job profiles
and the required expertise and skills to develop an
effective PV recycling workforce. Such analysis
could help develop and roll-out the training pro-
grams required to develop the workforce.
Workforce development will require a strong col-
laboration between multiple stakeholders such as
PV manufacturers and recyclers, waste manage-
ment industry recyclers, policy makers, non-
governmental organizations, national labs, and
universities. Further research is required to
address the knowledge gap on the human health
and social and environmental justice outcomes of
PV recycling operations. PV recycling prevents
the illegal exports of EOL PV panels (Bellini
2020), which is a persistent problem, and avoids
the negative human health impacts from waste
management, which have disproportionately
impacted low-income and minority communities
(Burwell-Naney et al. 2013; Kramar et al. 2018;
Maranville, Ting, and Zhang 2009; Martuzzi,
Mitis, and Forastiere 2010; Mohai and Saha 2015).

Expanding research focus to be more holistic

The count for studies focusing exclusively on one classi-
fier (marked “Exclusive” in our figures) is significantly
higher than those considering multiple classifiers (marked
“Multiple”) for sub-classifiers with a high publication
count (e.g., End of Life in Figure 20 (b), Nano in Figure
20 (c), Lab in Figure 20 (d)). This indicates a narrow focus
on certain sub-classifiers with a lack of simultaneous
analysis on how the CE for one sub-classifier impacts
other sub-classifiers.

Moreover, the field would benefit from incorporation
of a broader and combined set of indicators to assess
different CE strategies. The most widely used CE indi-
cator in the current PV CE literature is mass (Figure 20
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(a)). This can be attributed to publications typically
using mass-based indicators to quantify the amount of
materials recovered through PV recycling (Granata et al.
2014; Huang et al. 2017), which is the most dominant
CE strategy for PV (Figure 17). However, lifetime exten-
sion indicators are better suited than mass-based indi-
cators to quantify the effectiveness of many CE strategies
such as repair, refurbish, and reuse which increase the
functional life of the PV module and are increasingly
being adopted in the PV market. Similarly, effort-based
metrics are better suited to quantify the effectiveness of
CE strategies which require human labor. For example,
an effort-based metric quantifying the amount of time
required to disassemble a PV module can be applied to
compare and rank different design-for-recycling
approaches, which is a part of the rethink CE strategy.

Even for recycling, we note that a combined set of
indicators can more holistically assess the effectiveness
of the circularity of recycling processes. Cost is a crucial
determinant of manufacturing viability and consumer
adoption, and identification of cost-intensive process
steps (whether in recycling or manufacturing) can help
prioritize research and development efforts. While
important in their own right, effort indicators can be
valuable inputs to make TEAs more accurate and
impactful. Effort-based indicators can identify labor-
intensive steps in the recycling processes, the potential
for automation to decrease effort, and the potential to
proactively decrease labor requirements through design
for recyclability. For example, PV module designs with-
out ethylene-vinyl acetate can make the disassembly of
the PV module less labor- and time-intensive. Unlike
mass-based indicators which incentivize the recovery of
bulk materials that contribute a significant share of the
mass of the PV module, economic indicators emphasize
the recovery of trace materials which are economically
valuable but make an insignificant contribution to the
mass of the module (e.g., silver). As a result, combining
mass- and economic-based indicators can help identify
more integrated and complete recycling processes which
recover both bulk and economically valuable materials
from a PV module.

Necessity for robust estimates of global volumes of
EOL PV

The lack of robust and regularly updated projections of
PV reaching EOL hinders entities from opening or scal-
ing commercial PV CE operations (e.g., recycling, reuse,
and repair). One way this challenge can be addressed
through open-source and dynamic modeling approaches
(Ovaitt et al. 2021, 2022). To ensure relevance to industry,
these projections should be reported at investment-
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relevant spatial resolution (e.g., sub-state scale), updated
at least annually, and report not just total module mass
but amounts of individual materials inclusive of all com-
ponents in the PV system (Heath et al. 2020). These
projections should be informed by data sources and
inputs from various stakeholders regarding: installed
and decommissioned capacity, technology, location and
age; module reliability differentiated by year of manufac-
ture, technology and region of installation; bill of material
and design differentiated by manufacturer, technology,
and year of manufacture; and projections of extreme
weather events (Heath et al. 2020; Ovaitt et al. 2022).
Such approaches should then be able to inform investors,
regulators and analysts on decisions on sizing, location
and choice of technology for PV recycling facilities.

Assessing CE at the macro scale is underrepresented

A significant share of the CE publications in our analysis
focus on the nano scale (Figure 20 (c), Figure S30(C)).
Research investigating the macro scale wherein CE strate-
gies are implemented at the level of city, state, nation, or
world, is underrepresented in the literature. This will
become more important in the future considering that
deployment is expected to become more geographically
disparate (DOE 2021). Especially in the near term when
EOL volumes are low, to minimize prices, economies of
scale will require serving larger geographic regions. Such
operations will need to consider distance and jurisdiction-
dependent variations in operational expenses, market and
pricing mechanisms, regulations, and the complexity of
transporting PV waste across state and national bound-
aries. Despite the complexity, variations due to the above
factors offer opportunities to modify and optimize CE
operations for specific geographies. For example, as
explained in the section titled “Enabling the CE for PV
through digital platforms and information systems,” PV
recycling can be conducted at scales ranging from decen-
tralized in-situ recycling to centralized operations in order
to balance trade-offs of transportation distance and econo-
mies of scale. Additionally, the macro scale may offer
opportunities to adopt open-loop recycling (e.g., through
industrial symbiosis (Mathur, Singh, and Sutherland
2020)) when closed-loop recycling for certain materials is
not possible in specific geographies.

Conclusion

This critical review is motivated by the potential for dra-
matic growth of two clean energy technologies — photo-
voltaics and lithium-ion batteries — and the desire to
sustainably manage both the increased demand for materi-
als and their handling at each technology’s end of life. A
circular economy aims to address such issues by avoiding

the waste endpoint of our current linear economy’s take-
make-waste path. Instead, a circular economy closes loops
such that raw materials, components, and products lose as
little value as possible over many lifetimes of use; prioritizes
renewable energy sources; and employs systems thinking at
its core (Het Groene Brein 2022). A CE is a proposed
approach to mitigate the expected growth in greenhouse
gas emissions from increased demand for virgin materials,
reduce the environmental and social impacts of material
extraction, and address the United Nations Sustainable
Development goals, especially Goal 12: Sustainable produc-
tion and consumption (Geng, Joseph, and Bleischwitz
2019). Yet, despite its intuitive attractiveness and broad
purported benefits, circularity should not be a goal in and
of itself; it is an approach to achieving these other goals. It
also entails trade-offs — examples of which were identified
in this article and for which a holistic, systems-based ana-
lytical approach will be required to further elucidate.
Moreover, because a CE is a completely different economic
model from current, it will be challenging to achieve even
with the necessary effort of all corners of industry, govern-
ment, civil society, and individuals.

This critical review embarked to understand the sta-
tus, challenges, and opportunities of a CE for LIB and
PV. We have completed what we believe to be the most
comprehensive review to-date in this domain, identify-
ing 3,111 potentially relevant archival journal articles,
book chapters, and government reports, and then clas-
sifying and analyzing the 444 LIB and 181 PV CE pub-
lications that passed through four objective screening
stages. We additionally utilized many supplemental
publications, websites, and trade journal articles to bol-
ster understanding, especially about current practices.

The state-of-the-science systematic review method we
employed (PRISMA) was chosen because of its demon-
strated capability to collect maximal information with
minimal bias, which achieves both transparency and
reproducibility. Our method is unique compared to the
many other prior reviews that partially overlap ours in
that we assessed all 10 CE strategies across all three life
cycle phases and catalogued for the first time both mate-
rial and digital CE pathways. Based on objective classifi-
cation of 70 study dimensions and subsequent analysis of
the 43,820 potential data points, we hope this review can
form a solid foundation from which others can develop
targeted and impactful future research.

We considered both LIBs and PV in this review
because they have synergies leading to increasing co-
deployment and are both key technologies in the energy
transition. What we have learned is that they also share
roughly the same status, challenges, and opportunities
with regard to advancing toward a CE. Thus, while not-
ing differences, this conclusion addresses both together.



Key findings

Those coming directly to the conclusion section might
arrive with a few questions about the state of the science.
Here we seek to answer some of the most naturally occur-
ring and relevant questions based on our assessment of
the totality of the current literature analyzed in this study.

First, have we achieved a circular economy for LIB and
PV yet? Not yet. However, the increasing awareness and
growing body of research we have documented indicates
that researchers and decision makers in industry and gov-
ernment are actively seeking to better define the scope of
the challenges and develop technical and policy solutions.

Are PV and LIB moving toward a CE? Yes. While the CE
is immature with regard to both technologies and their
industries, progress has been made. A few examples can
illustrate this. Recycling technologies have been developed
and to a limited extent deployed. Yet they are, by and large,
not economically sustainable in current form and are cer-
tainly not at the capacity nor properly sited to have the
impact that is needed now and in the near future to support
a CE. Regulatory frameworks for recycling, and to a lesser
extent other CE pathways, have been developed in some
world regions but lack the breadth and depth necessary to
fully support CE strategies, and are not consistently applied
across jurisdictions (e.g., across European countries or
across states within the United States).

Is academic research the only area of activity in CE for
PV and LIB? No. We have documented just a sample of
the developments in industry, which we believe are
substantial and growing. Also, government policies are
increasing, some of which are also documented herein,
and more so in the references we cite.

What research and other programs can help make a
CE for PV and LIB succeed? We provide many detailed
suggestions in the body of this article. High-level obser-
vations from our literature review point to very similar
recommendations for both an LIB and PV CE:

(1) Expand research beyond recycling. Recycling is
an important CE strategy that helps decrease the
reliance on environmentally intensive virgin raw
materials and is a backstop to avoid landfilling
after other strategies have been exhausted.
However, an overwhelming focus on recycling
within CE literature for both technologies is dis-
proportionate to the hierarchical preference for
other CE pathways that can have superior envir-
onmental and social outcomes to recycling. The
emphasis on recycling will miss the challenges
and opportunities that could be revealed by
research on other CE pathways. This is not to
say that we believe research on recycling should
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stop; rather, that attention to other CE strategies
should increase, which is beginning to happen
and we believe should accelerate as the amount
of decommissioned PV modules and LIBs
increases. Non-recycling CE strategies are often
preferred because they retain a greater proportion
of the value of the original products and have
typically been shown to yield greater environ-
mental and economic benefits.

Support technology deployment with eco-
nomic, environmental and policy analysis.
Non-technological aspects of a CE are understu-
died - such as the role of social, environmental,
and economic influences — when compared to the
proportion of literature on technological innova-
tion. Development of technologies, whether
material or digital, is necessary but insufficient
to achieve a CE. The adoption of such technolo-
gies determines the extent that a CE succeeds in
achieving its purported benefits. First and fore-
most, adoption requires favorable economics,
especially in markets without mandates like the
United States and most of the rest of the world.
Even for markets without specific mandates, poli-
cies and regulations can play a critical role in
shaping the marketplace and technology adop-
tion. For instance, policies incentivizing eco-
industrial parks based on the principles of indus-
trial symbiosis, wherein materials recovered from
PV and LIB can be used in manufacturing other
products (e.g., open loop pathways in Figures 9
and 16), can establish a market for recovered
materials and support the adoption and scaling
of recycling technologies and the CE for PV and
LIB. Likewise, behavioral and environmental
aspects of CE strategies should not be overlooked;
for example, since promised environmental ben-
efits are a chief motivator for supporting a CE,
these benefits must be proven and documented.
However, all of these non-technological aspects
are significantly understudied - even for recy-
cling, but especially for other CE strategies —
compared to the development of technologies
and characterization of their technical perfor-
mance. Research and implementation of these
non-technological aspects are important to
inform decisions, enable participation, and
enhance knowledge for a diverse set of
stakeholders.

Leverage digital information systems. Circular
economy strategies deal not only with physical
products, components, and materials, but also
digital. Digital platforms and information
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systems can be leveraged to implement and
improve CE strategies across all three life cycle
stages. These strategies include designing for
enhanced circularity; digitally labelling materials
and other attributes for downstream entities; and
using artificial intelligence or machine learning-
enabled technologies for such activities as select-
ing alternative materials and monitoring perfor-
mance to identify repairs and optimize operation,
automating sorting at end of life, and employing
digital-based business models to track PV mod-
ules for remote ownership or assure buyers of
avoidance of child labor in mineral extraction.
This is the first review to include mapping of
digital CE pathways alongside material ones,
and we find that digital pathways deserve more
attention to explore their technical potential, ben-
efits and trade-offs.

Improve recycling technologies. We provide the
following three observations of current chal-
lenges for recycling PV and LIBs. First, there is
a lack of integrated recycling processes that can
recover all constituent materials. Second, cost
remains the greatest challenge for increased recy-
cling in countries that have not mandated recy-
cling. Third, research has focused more on lab-
scale applications and will need to account for
potential challenges that emerge in the transition
to commercial scale. Such challenges include
obtaining reliable and commercially relevant
data, implementing sustainable business models,
automating operations, and transporting end-of-
life PV and LIBs.

Study and design CE-related aspects of LIB and
PV markets. To better understand the status of the
CE for PV and LIBs, data will need to be collected
at regular intervals on both the markets for each of
LIB and PV (e.g., changes to designs and materials
inventory) and their developing CE markets. For
instance, regarding recycling of PV modules in the
United States, it is not known how many firms
offer this service, nor their locations for collection
and recycling, their capacity, the annual mass
recycled, their process, end markets, etc. If either
private or public investments are to efficiently
develop U.S. capability to recycle PV modules,
such information would be critical to know with
as much certainty as possible. In addition, publicly
available projections of decommissioned PV mod-
ules (or LIBs) that incorporate all factors leading to
end of life (e.g., failure modes, performance degra-
dation, extreme weather events, economic alterna-
tives such as repowering), and do so at relevant

geographic scales (sub-state) and temporal fre-
quency (at least annual), are also critical to efficient
capital allocation.

With much to be done, benefits of the journey to a CE
for PV and LIB can be realized along the way. With the
observed acceleration of research interest, regular
updates to the state of the science can mark progress,
provide opportunity for course correction, and help
fulfill the sustainability promise of a circular economy
for photovoltaics and lithium-ion batteries. Ultimately,
our recommendations from this critical review could
inform and complement recent governmental action
plans (U.S. Department of Energy 2022) to implement
a CE for LIB and PV and be applied to other similar
products as the world seeks to reduce material impacts
of technology transitions.
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