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Since the enactment of the “Feed-in Tariff” scheme in
2012, the solar power generation capacity in Japan has
been steadily growing. Therefore, in the near future,
the demand for the mass processing of spent photo-
voltaic (PV) panels is expected to increase. Secondary
batteries, especially lithium-ion batteries (LiBs), have
become important products for vehicles and mobile
devices. The production of LiBs is also expected to sig-
nificantly increase in the near future. In this study,
we address the design of recycling systems for such
emerging technologies. From life cycle perspectives,
the requirements for the assessment of these technol-
ogy systems are carefully defined through a bibliomet-
ric analysis of technology assessments, critical reviews
of current research and developments in the recycling
of PV panels and LiBs, and analysis of the intensities
of life cycle impacts (such as greenhouse gas emissions
and resource use). The necessities for life cycle assess-
ments, material flow analyses, and other assessment
methods are clarified, along with the conditions to be
examined using these assessment methods.

Keywords: bibliometric analysis, requirement definition,
life cycle assessment

1. Introduction

Japan’s energy policy has expanded the use of renew-
able energy, including solar power. Photovoltaic (PV)
technology is firmly expected to provide a fundamental
contribution to the transition from traditional fossil fuels
to renewable energy-based economies [1, 2]. PV applica-
tion in Japan has increased rapidly in the last 20 years [3],
with the expansion increasing even further since the Feed-
in Tariff scheme was instituted in 2012 [4]. By approx-
imately 2025, significant numbers of PV panels could
reach their end of life (EoL). In particular, PV installa-
tions started near the end of the 1990s, and the average

lifetime of a PV panel is approximately 25 years; thus,
the EoL of these panels will lead to large amounts of
waste [5]. In energy-creation technologies such as PV
systems, secondary batteries have also been required in
various products (in particular, vehicles and mobile de-
vices), and their waste is also expected to increase con-
siderably in the future [6].

When designing target recycling systems, the optimal
mixture of physical segregation and chemical treatment(s)
should be pursued, considering the specific characteris-
tics of the respective components. For example, the com-
ponents of PV panels [7] have specific characteristics in
terms of the economic and environmental impacts of the
product life cycle. Tempered flat glass induces relatively
greater environmental impacts among glass types, and can
be reused or recycled as glass if it is separated from the
other materials. Metals such as copper, silver, and rare
metals are economically valuable. Thus, they are already
considered as targets of recovery, whereas glass should be
removed from the inputs to the metal recovery processes.
Crystalline silicon is another potential material for recov-
ery, as its production requires high energy consumption;
however, it is often contaminated with other metals inside
PV cells.

Furthermore, the design should account for the entire
value chain. However, sufficient data remains lacking,
especially for the post-consumer life cycle stages, i.e.,
the physical segregation and chemical treatment processes
and associated environmental impacts should be charac-
terized. In this study, a life cycle assessment (LCA) was
conducted on conventional and proposed recycling sys-
tems for spent PV panels and secondary batteries. The
current disposal system for spent secondary batteries still
relies on landfills without effective recycling of valuable
and hazardous metals, thereby presenting a major envi-
ronmental and human health risk. The planning of strate-
gic EoL management can not only mitigate the environ-
mental impacts, but can also avoid shortages of critical
materials needed to meet future resource demands [8].
Therefore, in preparation for the mass processing of spent
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PV panels and secondary batteries in the near future, the
reuse/recycling and disposal schemes thereof should be
discussed.

In this study, we extract the characteristics of applicable
recycling technologies for spent PV panels and secondary
batteries (in particular, lithium-ion batteries (LiBs)) by re-
viewing the existing literature, as the possible options for
these devices have become massive. To address the tran-
sitions of recycling systems from existing (conventional)
approaches to preferable ones, systems must be designed
based on adequate assessments of possible technology op-
tions. To extract the assessment settings required for such
technology assessments (and ultimately social implemen-
tation), the existing technology assessments are structured
through a bibliometric analysis as a data-driven approach,
and from the viewpoints of the interrelations among the
social, economic, and technological aspects. In addition,
the existing technologies and system options for man-
aging spent PV panels and LiBs are critically reviewed
from the viewpoints of cost, environmental impact, and
resource efficiency. The literature are selected based on
times cited, i.e., an empirical indicator of their impor-
tance. Furthermore, the recycling effects on products are
examined, and the environmental load intensities are cal-
culated by a LCA based on a life cycle inventory (LCI)
database. By considering the pros and cons of technology
options through these assessment reviews, the require-
ments to be addressed in technology assessments of op-
tions for the EoL management of spent PV panels and
LiBs are defined.

2. Materials and Methods

2.1. Requirement Definition of Technology
Assessment

A technology assessment should be conducted to clar-
ify the multiple aspects of target technologies and sys-
tems, and to examine their performance after social im-
plementation. In this study, the requirements for the as-
sessment should address the issues occurring in the life
cycle of waste, which has different flows of cash and ma-
terials relative to product supply chains.

In this study, based on the results obtained from sys-
tematic reviews and intensity analyses, the requirements
for technology assessments of the options for managing
the EoLs of spent PV panels and LiBs were extracted
and defined. A bibliometric analysis can generally indi-
cate the data-driven requirements for technology assess-
ments directed towards social implementation (e.g., the
key points of issues are organized). Critical reviews of the
applicable technology options and case studies in technol-
ogy assessments for the recycling systems of PV panels
and LiBs can be used to structure expert judgments re-
garding their recycling. The intensities of producer prices,
environmental impacts, and market sizes can facilitate a
quantitative prioritization to support the design of recy-
cling systems. Accordingly, we conducted these three

analyses to review the general issues on technology as-
sessments, i.e., by bibliometric analysis, critical reviews
of current specific discussions on PV and LiB recycling,
and an intensity analysis to consider the potential contri-
butions to life cycle impacts induced by avoiding addi-
tional production of PV panels and LiBs via recycling.

2.2. Systematic Review of Technology Assessment
2.2.1. Bibliometric Analysis of Technology

Assessment
The elements of technology assessments that have been

proposed for implementation include shifts in social sys-
tems, such as the relationships between the socio-, econo-,
and techno-spheres through transformations in aviation
systems [9], and regional transformations regarding the
use of locally available resources [10]. The relationships
between these areas have also been examined, particularly
in studies related to biomass-derived production. The
economic aspects of technology implementations have
been examined in technoeconomic (TE) analyses aiming
to clarify the relationships between the characteristics of
technologies and various economic indicators, such as di-
rect and indirect costs, fixed capital investments [11], and
product prices [12]. A socioeconomic (SE) analysis has
also become an essential method for analyzing the im-
pacts of technology implementations on SE systems. Ji
and Long summarized the current studies on the SE ef-
fects related to biofuels in terms of income, employment,
food security, and economic cost by addressing not only
feedstock, conversion, and opportunity costs, but also by
addressing the loss in land value caused by pure energy
crops [13]. The benefits should be analyzed within a so-
ciotechnical (ST) approach to ensure that society bene-
fits from the technology implementation. In small com-
munities, the social aspects of renewable energy systems
are essential [14], and their quantification can be partially
conducted using contingent valuation methods, such as
the willingness to pay [15]. ST research can provide
broader feasibility checks on the outcomes of technolo-
gies [16].

To extract the functions required for the scientific anal-
ysis methods, a bibliometric citation analysis was con-
ducted by applying an academic landscape system [17,
18]. This method was used previously in characteriza-
tions of sustainability [19], its assessment methods [20],
energy security [21], distributed energy sources [22], and
smart energy simulations [23]. A total of 94,459, 2,252,
and 2,289 papers including the words “technoeconomic,”
“sociotechnical,” and “socioeconomic” (in the abstract, ti-
tle, or keywords), respectively, were retrieved from the
Web of Science [24]. Clusters were created based on these
citation networks, as discussed in a previous work [25].
Among the topics of the classified clusters, this study fo-
cuses on energy-related topics.
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2.2.2. Critical Reviews on Photovoltaic (PV) and
Lithium-Ion Battery (LiB) Recycling

A critical review, also known as critical analysis, repre-
sents an author’s critical thoughts on the advantages and
disadvantages of emerging technologies. Unlike a litera-
ture review, a critical review not only summarizes the in-
formation on technology developments in a field, but also
evaluates the technical novelty, economic feasibility, and
possible environmental benefits when implementing the
emerging technologies in society.

Usually, the technical novelty is first confirmed via sci-
entific experiments, which indicate whether a new tech-
nology can successfully and effectively transform the
products at issue into the expected results. However, tech-
nically feasible technologies are not always suitable for
upscaling into industrial processes; there might even be a
high probability of serious environmental impacts. Thus,
life cycle thinking, which aims to guide technology devel-
opment without unnecessary time consumption and finan-
cial waste, is very important for the strategic assessment
of an emerging technology. The key factors considered in
life cycle thinking were assumed in this study to include
the following items. 1) Systemic thinking substitutes an
emerging technology into a current recycling system, to
evaluate the compatibility with conventional technologies
and potential impacts on overall material/energy flows in
the system. 2) An economy of scale considers cost re-
ductions and impact mitigation as important factors when
scaling up a disposal capacity using an emerging tech-
nology. 3) An LCA analyzes and evaluates the overall
resource consumption and environmental impacts for a
product during the complete life process, i.e., from pro-
duction to transportation, consumption, recycling, and fi-
nal disposal.

2.3. Intensity Analysis of Life Cycle Assessment
(LCA)

Product prioritization is a rational policy for effectively
establishing recycling systems. The various aspects to be
considered for recycling systems (such as the locations of
stakeholders [26] and weight intensities) were examined
in the context of producer prices, environmental impacts
(i.e., climate change), resource depletion, an integrated
single indicator, and market sizes of products (as retrieved
from the LCI database and a national input and output
table (IO table)).

The inventory database for environmental assessment
(IDEA) v.2.3 [27] was used as the LCI database, from
which cradle-to-gate LCIs were extracted for greenhouse
gases (GHGs), consumed resources, and other available
inventories for a life cycle impact assessment (LCIA). An
LCIA method based on endpoint modeling (LIME) [28]
was adopted for the LCIAs of climate change and re-
source usage, and the LIME index, an integrated indica-
tor, was used to represent the life-cycle GHG emissions
(LC-GHGs) [kg-CO2eq], life cycle resource use [kg-Sbeq],
and LC-LIME index [JPY], respectively. The LCIs for the
PV panels and LiBs were extracted from “ecoinvent” [7]

Fig. 1. Citation networks of journal articles including those
on socioeconomic (SE), sociotechnical (ST), and technoeco-
nomic (TE) aspects extracted from the Web of Science using
the academic landscape system.

and other studies [29, 30]. The impact factors of the
LCIAs for these LCIs were set as in LIME version 2. The
weights of the products were defined as the summation
of the raw materials input into their corresponding LCI
databases. The product weights for the LiBs were ob-
tained from literature [29].

The producers’ prices and product market sizes were
acquired from the IO tables [31]. The information re-
garding freezers, mobile phones, light and small passen-
ger cars, PVs, and LiBs was limited, and was therefore
extracted from other statistics [32], such as the installed
capacities of PV systems, number of LiBs for cars, and
sales amounts.

3. Results and Discussion

3.1. Academic Landscape
Figure 1 shows the citation networks obtained from

journal articles including SE, ST, and TE issues, as ex-
tracted from the Web of Science using the academic land-
scape system. Whereas most of the clusters recognized
in the SE sector include topics on health issues (see Ap-
pendix A1 for the clusters), SE-5 covers the SE aspects
of ecosystems related to energy issues. SE-5 consists of
8,952 documents that include issues related to ecosystem
services: agriculture, forestry, fisheries, coastal areas, cli-
mate change, wetlands, solid waste, water systems, and
conservation areas. Among these, the energy issues are
clustered in SE-5-5 and SE-5-7. When designing sustain-
able energy systems, multicriteria decision-making is ur-
gently needed [33] and SE drivers are necessary, as has
been discussed in the context of bioenergy projects [34].
A social LCIA has also been developed for quantifying
social side effects in a life cycle [35]. Accessibility has
also become an issue in the SE aspects of energy [36].

The clusters recognized by the ST area include the term
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Fig. 2. Possible technology combinations for recycling abandoned solar PV panels with the contents of Subsection 3.2.1.

plus “transition” in their keywords (see Appendix A2). In
ST-1, the largest cluster, the governance of sustainable ST
transitions [37] is widely discussed, e.g., in regards to the
translation between green niches and ST regimes [38] and
the typology of pathways such as transformation, recon-
figuration, technological substitution, dealignment, and
realignment [39]. The ST approach is adopted in the
analysis of other systematic implementations, e.g., pa-
tient care information systems and health care [40] in
ST-2, broadband and mobile systems [41] in ST-3, and
monitoring and management of safety systems with re-
gard to organizational culture and core tasks [42] in ST-4
(using available online tools such as Wikipedia [43] and
bots [44]). The energy issues are clustered in ST-5, where
decarbonization requires an ST transition [16] to imagi-
nary future systems, such as smart grids [45] and vehicle-
to-grid integrated systems [46]. Thus, both policy-driven
and narrative-based approaches are necessary [47] to con-
struct a productive engagement [48] of people in local
communities [49] and energy systems [50].

A large number of TE studies have explored energy-
related topics (see Appendix A3). Cluster TE-1 covers
the analysis of liquid biofuels, such as bioethanol from
lignocellulosic materials [51] and aviation fuel from var-
ious feedstocks [52], including discussion of a hydrocar-
bon biorefinery [53]. Gaseous fuels are clustered in TE-5,
including sourcing from biomass [54] and its utilization
in fuel cells [55]. Pyrolytic technologies are analyzed in
TE-2 [56]. Solar- and wind-sourced energy production
and supply are analyzed in detail in TE-3 [57]. The de-
velopment of carbon capture and storage technologies is
introduced and examined in TE-4 [58]. The TE analy-
sis of desalination technologies is provided in TE-6 [59],
with consideration of an energy-water nexus [60].

3.2. Critical Reviews
3.2.1. Review of Recycling PV Panels

Without appropriate recycling and disposal, the rapidly
increasing number of abandoned solar PV panels is likely
to cause serious environmental problems, including haz-
ardous waste, resource depletion, and GHG emissions.

The risk from discarding panels irresponsibly has been
shown in various studies. Bang et al. [61] conducted metal
leachability tests on typical solar PV panels. These tests
indicated emissions of Pb and Cd/Se and the potential for
toxicity owing to materials such as Cu, Pb, Ni, and Ag
from polycrystalline Si and CIGS (copper indium-gallium
di-selenide) PV panels, as well as the potential for non-
negligible resource depletion from polycrystalline Si PV
panels (primarily caused by Ag). However, the current
mainstream approach in many countries remains directed
towards processing spent solar PV panels based on incin-
eration and landfilling [62], and most optional recycling
technologies are still in the experimental phase.

In addition to simple incineration and landfilling, sev-
eral technology combinations have been proposed for
fragmentation and recycling. During the pretreatment
phase, for example, removing the junction box and Al
frame can be easily facilitated by human force or auto-
matic electrical machinery (Fig. 2).

In contrast to the process for removing the Al frame and
junction box, removing the glass from Si cells is more
complex owing to the polymeric encapsulation layers,
mostly comprising ethylene vinyl acetate (EVA). Early
practices usually directly crushed the panels into multi-
sized particles, and then roasted the particles to remove
the EVA. Recently, panels have been pretreated using a
hot environment or hot knife to melt the EVA layer, such
that the glass can be recovered as a complete piece from
the cells. The following describes the current recycling
technologies in detail.

i. Mechanical Delamination
The glass and valuable metals in cells can be directly

crushed and sieved out from particles separately, owing
to their density differences. Usually, the first process,
shredding or hammer milling, will be repeated approx-
imately three times. This is to reduce the fraction for
thermal treatment, and to satisfy the requirements for a
leaching treatment for recovering metals. EVA-glued lay-
ers are usually concentrated in a large fraction, directly
recoverable glass is concentrated at an intermediate frac-
tion of 0.4–1 mm, and metals and other recoverable glass
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are concentrated at fine fractions [63, 64]. Cooling the
EVA layer at a sufficiently low temperature (−196◦C) or
creating oxidant hydrothermal subcritical conditions can
also remove the EVA layer and detach all the glass from
the cells, but the feasibility for scaling up and energy per-
formance are insufficient [65]. As EVA can be burned
at approximately 450◦C without breaking the glass layer,
using a hot knife method, e.g., a heated cutting blade or a
fast-spinning steel brush, is a relatively time- and energy-
saving method by which the glass layer can be easily de-
tached from the interface with the cells [66]. In addition to
the gravity separation of the particles after shredding and
sieving, electrostatic separation has also been indicated as
feasible for recycling metals from electronic waste, and
has proven to be effective and environmentally friendly.
It separates Ag and Si from polyethylene terephthalate at
an efficiency higher than 95% [67]. However, the overall
recycling efficiency of metals by mechanical treatments
alone is quite limited by the particle size, as it has a very
low potential for attracting better purchase prices for met-
als.

Recently, several new options have been reported.
Zhang [68] completely decomposed plastics at 773 K for
30 min under a 0.5 L/min N2 flow rate, and then recovered
metals like Ga in a vacuum at 1123 K and a 1 Pa system
pressure. Nevala [69] examined an electro-hydraulic frag-
mentation method, which produces a shockwave impulse
to the metals on the Si wafer. The study determined that
approximately 99% of the Cu, 60% of the Ag, and 80% of
the Pb, Sn, and Al by weight could be recovered as high-
purity particles (corresponding to different size ranges).
Thus, this method presents a significant advantage over
a conventional crushing method. Following mechanical
treatment, the Si and metals are usually recovered by us-
ing hydrometallurgical methods, i.e., to obtain high-purity
metals.

ii. Thermal Delamination
When recycling spent PV panels, the main target of

thermal treatment is to remove the EVA layer between
the glass and cells. Unlike mechanical treatments, a ther-
mal treatment does not use force or a hot knife, but rather
decomposes the EVA layer pyrolytically in an O2 envi-
ronment at approximately 500◦C using combustible oils
and gases. This method can be scaled up using existing
equipment such as a tube furnace, fluidized bed reactor,
and muffle furnace, but its holding time of approximately
30 min and high energy use present weaknesses relative
to mechanical methods [68, 70]. Additionally, the thin-
ner wafers have a higher probability of breakage in the
thermal process, increasing the risk of subsequent wafer
reuse [71].

iii. Chemical Delamination
The EVA layer can also be removed by chemical dis-

solution with inorganic or organic solvents, for exam-
ple, immersion in nitric acid for 24 h, or dissolving in
trichlorethylene at 80◦C for 10 d [72, 73]. In a similar
but faster method, Kim and Lee [74] shortened the pro-

cess time to within 30 min by using o-dichlorobenzene
as an organic solvent; they also used ultrasonic irradia-
tion to enhance the reaction and shorten the process time
to within 60 min (using toluene as a solvent). Chemical
methods constitute a feasible way to completely recover
the glass layer at any thickness, but are time-consuming
and energy-intensive, and rapid batch processing is diffi-
cult.

iv. Hydrometallurgical Delamination
After delamination, the valuable metals and Si must be

recovered by a hydrometallurgical treatment for recycling
by metal industries. In a typical case, metals can be re-
moved from Si cells through a mixture of nitric acid, hy-
drogen fluoride, and acetic acid, so that 80% of the Si
can be recovered for reuse in new cells [75]. Similarly,
Shin [76] used nitric acid and potassium hydroxide to
dissolve Ag and Al, respectively, followed by using an
etching paste containing phosphoric acid to remove the
anti-reflection coating and emitter on the surface of the
Si wafer. The recycled wafers were almost identical to
new commercially available wafers in terms of efficiency.
Another option was introduced by Huang [71] who con-
firmed the availability of electrowinning to recover Ag,
Cu, Sn, and Pb after acid leaching based on Mecucci [77].
The results from sheet resistance monitoring revealed that
the recovered metals and Si were sufficiently purified to
be considered as fresh materials that could be sold prof-
itably.

v. Technology Assessment
Although various methods appear feasible and effec-

tive in small-scale experiments, very few of them actually
move on to commercialization; this is because of the high
cost of machinery and reagents, as well as the low mar-
ket price of the recovered glass and Si wafer [65, 78, 79].
Based on current technology developments and commer-
cialization, many research groups have already started
pre-evaluations of the environmental impacts of recycling
systems based on LCAs. Although the details of their
findings are different, the first consensus is that landfills
and incineration are the worst solutions for disposing of
abandoned solar PV panels, owing to their non-negligible
environmental impact. Lunardi [62] applied the “ReCiPe”
method to compare various disposal methods for aban-
doned solar PV panels. The results showed that landfill
and incineration have 2–3 times more negative impacts
on the ecosystem and human health than recycling tech-
nologies; notably, the impacts are similar between the me-
chanical, chemical, and thermal recycling methods. In a
“cradle-to-grave” situation, recycling the abandoned so-
lar PV panels may reduce 3/4 of the terrestrial ecotoxic-
ity, 1/4 of the human toxicity potential, 1/4 of the global
warming potential, and 2/5 of the acidification. Return-
ing the recycled wafer to new production can reduce en-
ergy consumption by 70% in the case of thermal treat-
ment [65, 75]. Without appropriate recycling systems and
EoL management, abandoned solar PV panels (particu-
larly those made of toxic materials such as CdTe panels)
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Fig. 3. Possible technology combinations for recycling spent LiBs with the contents of Subsection 3.2.2.

will cause significant environmental impacts, even though
they perform better in energy and resource consumption
by capacity [75, 80, 81].

3.2.2. Review of Recycling LiBs
Although LiBs have been broadly used in electric ve-

hicles and electronic devices, the current system for dis-
posing of spent batteries still relies on landfills without
effective recycling of hazardous metals, thereby posing
considerable risks to the environment and human health.
Owing to recent technological developments, technolo-
gies for recycling both the anodes and cathodes of LiBs
have become more economically feasible. However, most
of the literature suggests that these technologies should
not be applied individually, but should be combined, i.e.,
to completely recycle the secondary battery at a reason-
able cost. Usually, the recycling of batteries attracts con-
siderable attention, because they contain high-value met-
als such as Co and Ni. This section aims to summarize
recycling technologies in a critical review, and refers to
the latest critical reviews and reports on technology inno-
vations [62, 82–89]. Based on this literature, a summary
of the recycling technologies for spent LiBs is shown in
Fig. 3.

As the first unavoidable process, pretreatment is intro-
duced in most models, and aims to discharge and disas-
semble the spent LiBs. By human force or the use of ma-
chines, the spent LiBs are decomposed into the anode,
cathode, organics, and other elements. Similar to the case
with abandoned solar PV panels, there are several meth-
ods comprising specific processes for recovering valuable
materials from cathodes.

i. Mechanical Treatment
The first choice, mechanical treatment, directly uses

multistage crushing and sieving to separate metals, or-
ganics, and inorganics, according to their physical proper-
ties. The process usually involves using sieving and mag-
netic separation to separate metallic materials. For exam-
ple, spent batteries can be shredded with a hammer mill
to separate steels and plastics; then, the Al, Co, and Cu

can be selected by screening with a shaking table. Af-
ter the metallic oxides and graphite are separated from
the cathode-rich undersized particles using a filter press,
Na2CO3 and CO2 are added to the mixing tank to produce
Li2CO3, which is used in the metal industry [82]. With the
current rapid developments in automation, LiBs can now
be easily dismantled to remove the cathode, without re-
quiring coarse crushing. Various processes are available
for recycling the cathode, including mechanical methods,
hydrometallurgy, pyrometallurgy, and biotreatment; even
bacteria and fungi can be used as media.

ii. Thermal Treatment
As the industrial sector is paying more attention to

recovering valuable metals (rather than the other parts),
thermal treatment also represents a frequent approach,
and is used to remove organic binders and graphite be-
fore hydrometallurgical treatment. After crushing or dis-
assembling, the spent LiBs can be exposed to a furnace
environment with air flow or KHSO4 [90]. It has been re-
ported that applying a relatively low incineration temper-
ature (<700◦C) for a long time may increase the leaching
efficiency of metals into the leaching reagent [91]. A di-
rect incineration treatment is thought to be effective and
time-saving, but requires additional equipment for gas and
smoke cleaning. Accordingly, other improvements (such
as the pyrolysis method) have been discussed, aiming to
enhance the eco-friendliness of thermal treatment [92].

iii. Pyrometallurgy Treatment
The thermal treatment introduced above is usually fol-

lowed by hydrometallurgical treatment for metal recov-
ery. In contrast, pyrometallurgical methods are more
straightforward for recovering metals; they take advan-
tage of the alloying character to separate metals into
slags and alloys. For example, a highly purified alloy of
Fe–Co–Ni–Cu (> 99%) can be obtained by preparing a
MnO–SiO2–Al2O3, CaO, SiO2, pyrolusite, and Al shells
for spent LiBs at temperatures of 1475◦C for 30 min [93].
The reservations relating to this method mainly concern
its high energy consumption, equipment costs, gas emis-
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sions, strict requirements for environment control, and
difficulty in recovering Li from the slag phase.

iv. Hydrometallurgy Treatment
The hydrometallurgy method usually includes leaching

and extraction processes. Many applicable leaching meth-
ods have been introduced, including conventional inor-
ganic acid leaching, organic acid leaching, alkaline leach-
ing, bioleaching, intensified leaching, and selective leach-
ing. Overall, acid leaching is the most widely applied pro-
cess, and is thought to be reliable and ecofriendly for ex-
tracting highly purified valuable metals. Lixiviants are
currently available as inorganic and organic acids, and
there are differences between them in regard to economic
and environmental performance. The former include sul-
furic, hydrochloric, nitric, phosphoric, hydrofluoric, and
other acids, i.e., relatively low-cost, energy-saving mate-
rials that are easy to use for the recovery of metals. The
organic types include citric and oxalic acids, which can
avoid gas emissions without significant corrosion of the
equipment. In detail, using HCl can increase the leaching
efficiency of Co without reductants over using HNO3 and
H2SO4, but the gas emitted from the process needs to be
managed, and a complex separation and purification step
is required. Most of the organic acids (for example, citric
acid) reveal a higher leaching efficiency of Co than HCl
and H2SO4, whereas the Li leaching efficiency is some-
what similar. However, some organic acids (such as ox-
alic acid) can play a double role as both reductant and
leachant; the leaching efficiency of Co and Li can reach
97% and 98%, respectively [62, 94]. A summary of the
acid leaching methods is provided in Appendix B.

In addition to the acid leaching method, alkaline leach-
ing creates an alkaline environment, so as to allow hy-
droxide ions to interact with metals for leaching. For ex-
ample, Al is very likely to be soluble in a NaOH solu-
tion at room temperature, whereas other elements such as
Co, Ni, and Mn remain in the solid state [95, 96]. Ad-
ditionally, ammonia leaching agents based on ammonia,
ammonium carbonate, and ammonium sulfite are feasible
methods for reducing the insoluble high-oxidation states
of Ni and Co, and form more leachable ions such as
Cu(NH3)2+

n , Ni(NH3)2+
n , and Co(NH3)2+

n [97, 98].
Biometallurgical leaching is another method that is

thought to have low economic cost and environmental im-
pact, but is currently difficult to commercialize as an in-
dustrial process. For example, chemolithotrophic and aci-
dophilic bacteria such as Acidithiobacillus ferrooxidans
are reported to be feasible for nearly fully leaching out Co
and Li, but the process might take a few days [99, 100].
Similar results have been reported for a mixed culture
of sulfur-oxidizing and iron-oxidizing bacteria; they can
also leach out Co and Li from spent LiBs over a long
time [101]. In contrast, fungal bioleaching has a faster
leaching process with a strong adaptation to a toxic en-
vironment, and thus has a high potential for industrial-
ization. A typical case of using Aspergillus niger was re-
ported by Horeh [102]. It can secrete mixed organic acids,
such as malic, gluonic, oxalic, and citric acid, to leach out

100% of the Cu, 95% of the Li, 70% of the Mn, 65% of
the Al, 45% of the Co, and 38% of the Ni in 2 weeks.

To increase the leaching efficiency and speed, sup-
porting treatments including milling and ultrasonic waves
have been indicated as effective. The former aims to en-
large the surface area for interaction [103] and the latter
releases a large amount of energy on the interface between
the solid and liquid by the cavitation effect [104].

After hydrometallurgical solution, the valuable met-
als can be separated and recovered by several meth-
ods, such as solvent extraction, chemical precipitation,
electrochemical deposition, and sol-gels. Because the
compounds after the leaching process are usually dif-
ferent in regard to relative solubility, the so-called sol-
vent extraction introduces two immiscible liquids to sep-
arately recover different metals. Many extractants have
been mentioned in previous studies, e.g., using di (2-
ethylhexyl) phosphoric acid (D2EHPA) to extract Mn, Cu,
and even Co [105, 106], and using bis (2,4,4-trimethyl-
pentyl) phosphinic acid (Cyanex 272) to extract Co [107,
108]. The second method, chemical precipitation, uses
the different precipitate performances of combinations
of specific anions and metal cations to separate and re-
cover metals after leaching; however, the extraction pro-
cesses are usually complex, owing to the mixture of met-
als in the leaching solution. Coprecipitation and cou-
pling with solvent extraction are two ideas for shorten-
ing the route and increasing the recycling efficiency when
recovering metals. For example, the concentrations of
Ni, Mn, and Co in a leaching solution can be copre-
cipitated with NaOH, Na2CO3, or H2C2O4, respectively;
then, Li2CO3 can be used to capture the cathode mate-
rial NixCoyMn1-x-yO2 [109, 110]. Electrochemical depo-
sition and sol-gel methods are also well-studied methods
for the recovery of valuable metals, especially Co. For
example, it has been reported that LiCoO2 can be elec-
trodeposited on a Ni substrate when leached by nitric
acid with the electrolyte LiOH [111]. In contrast, as a
well-referred case of the latter, the cathode active mate-
rial LiNi1/3Co1/3Mn1/3O2 can be directly regenerated if
a D, L-malic acid is used as both a leaching and a chelat-
ing agent through a sol-gel process [112].

v. Technology Assessment
Global practice has confirmed that an optimized com-

bination of recycling technologies is effective and envi-
ronmentally friendly when recycling spent LiBs (as op-
posed to applying technologies individually). To summa-
rize, mechanical treatments are effective for rapid batch
processing and energy saving, but the strict requirements
relating to purity and particle size limit the sale price to
metal industries. In contrast, thermal and pyrometallurgi-
cal treatments can easily remove graphite and plastics dur-
ing incineration, but consume considerable energy and in-
cur high costs for gas cleaning. Hydrometallurgical treat-
ments can meet the purity requirements for metal recov-
ery, but require additional pretreatments and mechanical
treatments. Because selections of recycling technologies
are related to the production processes of LiBs, many re-
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Fig. 4. Cradle-to-gate LC-GHG for mass-based price. Bubble size shows their market sizes [106 JPY/y].

searchers have considered LCAs of battery products. For
example, battery cell production is found to contribute the
most to LC-GHGs, whereas economic input-output sys-
tems contribute most of the life cycle energy consump-
tion [113, 114]. Additionally, as the recycling process is
based on the type of battery, the contribution of LC-GHGs
and energy consumption is less than 10% for a LiMn2O4
battery, but in the case of a Li(NixCoyMnz)O2 battery, the
contribution is more than 20% [115]. Currently, owing to
a lack of accurate data, there is no consensus on the envi-
ronmental impact of the life cycles of LiBs, but improved
designs of the battery structure for easier dismantling and
increased usage of ecofriendly compounds as cathode ma-
terials will certainly reduce the energy consumption, re-
source depletion, and environmental impact.

3.3. Intensities of Environmental Impacts for Unit
Amount Production

The results of an intensity analysis for cradle-to-gate
LC-GHGs are shown in Fig. 4. Relative to other prod-
ucts retrieved from IDEA v2.3, the PV panels and LiBs
have relatively higher LC-GHG emissions per weight, but
their mass-based prices are not higher than most of the
other products contained in the LCI database. As higher
prices mean larger inputs for manufacturing in general,
there may be a positive correlation between prices and en-
vironmental impacts. In this context, PV panels and LiBs
have higher slope factors than most of the other prod-
ucts. Similar results were obtained for resource use and
the LIME index, as shown in Figs. 5 and 6, respectively.
Thus, PV panels and LiBs have relatively greater environ-

mental impacts per unit weight than other products in the
LCI database.

The environmental impacts of vehicles per unit weight
are smaller than those of LiBs. The vehicles referred to
here are mainly internal combustion engine vehicles, and
not battery-equipped vehicles. Thus, Figs. 4–6 present
the increases in environmental impacts from vehicle man-
ufacturing when equipping them with LiBs; in contrast,
the price is not largely changed by LiBs, at least directly.

For vehicle recycling systems, the recycling of LiBs
has become an issue of reducing environmental impacts.
A higher value in resource use means that the elements
included in the LiBs, especially metals, should be recov-
ered; otherwise, the life cycle resource use could become
life cycle resource consumption. Recycling can reduce
the consumption of the valuable and essential metals in
LiBs, even if the resource use from LiB manufacturing is
high. PV panels also have a higher LC resource use, as
shown in Fig. 5. The spent PV panels should be treated
appropriately to avoid resource consumption at the EoL
of PV panels.

3.4. Requirement Definition of Technology
Assessment for PV and LiB Recycling Systems

3.4.1. Towards Social Implementation
To design a benign recycling system, the requirements

for a technology assessment should address the issues as-
sociated with recycling systems. Through the abovemen-
tioned analyses, the current status of the requirements for
technology assessments of PV and LiB recycling systems
were reviewed. The bibliometric analysis extracted the
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Fig. 5. Cradle-to-gate LC-resource use for mass-based price. Bubble size shows their market sizes [106 JPY/y].

Fig. 6. Cradle-to-gate LC-LIME index for mass-based price. Bubble size shows their market sizes [106 JPY/y].

need to characterize the SE, ST, and TE aspects from pre-
vious (and other current) social issues. These aspects can
be related to the social implementation of the possible
technology options organized in Section 3.2. The circu-
lation of the social and economic values should be deter-
mined for PV and LiB recycling, as studied in regard to

the issues of ecosystem preservation, climate change, and
solid waste (Appendix A1), and could be shown as the re-
covery of metal resources and the treatment of hazardous
chemicals. Regarding the ST aspects, regime transitions
such as those concerning infrastructure, laws, regulations,
and social acceptance concerning the reuse of materials
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from spent PV panels and LiBs should be addressed (Ap-
pendix A2). Some of the industrial processes have al-
ready become accessible, for example, the pyrometallur-
gical and hydrometallurgical processes. Regime transi-
tions are also related to the TE aspects of recycling tech-
nologies. In addition to the efficiency of the unit tech-
nology, for example, the recovery ratio of certain metals
from PV panels or LiBs by a segregation technology and
the collection and transport of spent products can change
the total costs for recycling, owing to changes in the col-
lectible amounts and contamination. The benefits induced
by the recycling technologies for PV panels and LiBs fluc-
tuate with the quality of the recovered materials. For the
social implementation of recycling technologies for PV
panels and LiBs, the social regime transitions and tech-
nology developments should be connected to each other,
based on the circulation of the social and economic values
derived by the recycling systems.

3.4.2. For Proof of Concept
Technology assessments are strongly needed for the

proof of concept in recycling systems for PV panels and
LiBs. The intensities of the environmental impacts exam-
ined in Section 3.3 clarified the relatively large cradle-to-
gate life cycle impacts in the production of PV panels and
LiBs. The options in recycling technologies and systems
for PV panels and LiBs have wide possibilities in their
combinations for recovering metals, according to the crit-
ical review in Section 3.2. There is a need to demonstrate
how the environmental impacts could be avoided by re-
cycling PV panels and LiBs. The proof of concept for
implementing recycling into the EoL of products must be
confirmed and addressed, as discussed in regard to Ta re-
cycling from capacitors [116]. To realize planned recy-
cling, the traceability of products at their EoL should be
enhanced with an aim towards a sustainable global circu-
lation of resources [117], and advances in automation and
remote recycling control should be enabled [118]. Stake-
holders should be networked and engaged for the circula-
tion of resources [26]. Such information should be acces-
sible during product design phases to determine the EoL
options for products at the early stages of their life cy-
cles [119], and to consider the options in product design
for recycling (such as the modularity of parts) [120]. For
example, a better design of solar PV panels, such as a
simple structure for dismantling and identifying the en-
capsulation layer for easy delamination, can significantly
shorten the recycling process and reduce the economic
cost, energy consumption, and environmental impact.

The required data, settings, and conditions to be con-
sidered in the technology assessments are listed in Ta-
ble 1. The LCA has become a strong tool for quantify-
ing the environmental impacts through the life cycles of
PV panels and LiBs, and is applicable for the proof of
concept. The LC-GHG is, of course, an important indi-
cator for global sustainability, but it is insufficient for re-
source circulation. The ecologically hazardous chemicals
contained in PV panels and LiBs must be appropriately

treated through EoL management. To avoid the flow of
waste effluents into the environment, the metal resources
must be carefully traced and assessed, whether they are
used or consumed. If the metals are consumed by dilu-
tion into the environment, the metal resources may not be
sustainably utilized in the future. The values of the cradle-
to-gate LC resource use per unit amount of the PV panels
and LiBs are relatively higher than those of the other as-
sessed products, owing to the presence of metals; these
metals could become ecotoxic chemicals if they are re-
leased/eluted to the environment (Fig. 5). Such inevitable
resources for products must be recovered by implement-
ing recycling technologies, the net value of which can be
quantified using an LCA.

The cumulative environmental impacts from grid
power often have a relatively higher contribution to the
final LCA results, as most of the processes require elec-
tricity. LC-GHGs originate to a large extent from power
generation from fossil fuel consumption in energy sectors.
In this regard, the design of recycling systems should be
based on their concepts, which are not always focused on
reductions in GHG emissions, but rather on resource cir-
culation. Because the GHG emissions originating from
fossil fuels could be reduced by implementing renewable
power sources, an LCA in a technology assessment of re-
cycling systems for PV panels and LiBs should pay more
attention to impact categories other than climate change
if the recycling systems do not require much energy con-
sumption. Thermal treatment and pyrometallurgy pro-
cesses sometimes require massive energy, e.g., to operate
high-temperature units. Chemical treatments may require
additional energy to recover the used agents and provide
waste chemical treatments. Waste treatments may con-
sume water and emit wastewater, which can cause another
environmental issue. Sophisticated LCAs should be con-
ducted for the recycling technology options while consid-
ering the entire scopes of required processes, regional dif-
ferences, and future possibilities.

The LCA should reveal the effective combination of
technologies for the reuse/recycling of PV panels. As for
the impact category, climate change and abiotic resource
depletion should be specifically analyzed. Regarding the
foreground data required for the LCA, there is a need for
process inventory data regarding the reuse and recycling
technologies. This must be acquired via experiments car-
ried out in universities and actual plants in industry, as
some of the technology options are now under develop-
ment.

In addition to the LCA, a material flow analysis (MFA)
should be simultaneously conducted for recycling sys-
tems, although few papers containing MFAs of PV pan-
els and LiBs have been reported. MFAs can contribute
to specifying possible flow rates within product life cy-
cles, and should be carefully examined in the design of
the scale of the technology option to be implemented. In
particular, for recycling systems (not supply chains), the
input to processes is waste, and its generation is uncon-
trollable. Waste generation values for designing the scales
of recycling processes should be estimated [121] after
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Table 1. Required data, settings, and conditions to be considered in technology assessments.

the LCA, so as to confirm the unit amount of through-
put [122]. Well-designed scales of recycling processes
can contribute to good TE performance, as the operation
ratio can be sufficiently increased. The demands for re-
cycled products and materials should be matched with the
industry through quality checks. If existing pyro- and hy-
drometallurgical processes are engaged in the recycling
of PV panels and LiBs, their products can be used by the
same user, as freshly produced materials. The contami-
nation of multiple materials has become the reason why
recycled products intended to replace freshly produced
products often have low quality. Physical segregation can
avoid contamination of the components in PV panels and
LiBs, for example, glass, resins, Al, organic chemicals,
and various metals.

An LCA and MFA of PV panels and LiBs should be
conducted for the design of practical scenarios towards
sustainable resource circulation, along with other related
assessments. To implement the recycling systems in prac-
tice, the stakeholders should collaborate mutually. Based
on the expected cost-benefit relationship, the profit and
cost burdens should be distributed to stakeholders while
considering the social values of PV and LiB recycling,
such as the contributions to the mitigation of fossil fuel
consumption and resource circulation. Laws and regula-

tions should be formulated to realize the active circulation
of waste-containing resources.

4. Conclusion

Technology assessments are necessary for designing
and implementing recycling systems for PV panels and
LiBs. This study reviewed the current possibilities of ap-
plicable technologies and systems options for recycling
PV panels and LiBs, based on existing assessment case
studies. A bibliometric analysis specified the need of as-
sessments for the social implementation of new recycling
systems. The requirements for the assessment of the man-
agement of the EoL of spent PV panels and LiBs were
organized, to identify the key issues to be considered in
further studies on their recycling.

The cradle-to-gate LC-resources used per unit amount
in PV panels and LiBs are relatively higher than those
for general industrial products owing to the metals they
contain. This indicates that their prioritization for recy-
cling is relatively higher than other target products in re-
cycling laws and regulations. Various recycling technolo-
gies have been proposed for PV panels and LiBs. Most
are divided into physical segregation methods and chem-
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ical treatments. For PV panel recycling, the transparent
tempered flat glass should be separated from the PV cells
containing Si, Cu, Ag, and other metals encapsulated by
resins. The parts comprising the LiB should be appropri-
ately dismantled and segregated to concentrate valuable
metals such as Cu, Co, Ag, and Li. After such physi-
cal segregation, an adequate chemical treatment should be
used for the recovery of metals as resources. As a require-
ment of the technology assessment, the proof of concept
for recycling the PV panels and LiBs should be addressed.
An LCA can be used to analyze the net changes in envi-
ronmental impacts. An MFA should be applied to design
the scale of the recycling process. The design and assess-
ment of PV panels and LiBs should be conducted based
on the implementation of technology options, circulation
of resources by feasible cash flows, and appropriate laws
and regulations.
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Appendix A. Results of Bibliometric Analysis

Each cluster was characterized by frequently used key-
words, the number of articles, edge, and average times
cited.

A.1. Obtained clusters for socioeconomic criterion. The SE-5
cluster is decomposed into subclusters from SE-5-1 to SE-5-10.

A.2. Obtained clusters for the sociotechnical criterion.

A.3. Obtained clusters for technoeconomic criterion.
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Appendix B. Typical Acid Leaching Methods
and the Main Process

A summary of the acid leaching methods is shown be-
low.

Typical 
method Main process

IInorganic acid leaching
No selectivity can be seen; Gas emission; 
Corrosion of equipment; Easier separation; 
Low free energy; Highly flammable; Lower 
cost than organic acid
Hydro-
chloric 
acid

2LiCoO2 + 8HCl  2CoCl2 + Cl2 
+ 2LiCl + 4H2O

Sulfuric 
acid

3H2SO4 + 2LiCoO2 + 2H2O2  
Li2SO4 + 5H2O + 1.5O2 +2CoSO4

OOrganic acid leaching
Selectivity is possible; No gas emission; No 
corrosion of equipment; Difficult separation; 
High free energy; nonflammable; higher 
cost than organic acid

Citric 
acid

18LiNi1/3Co1/3Mn1/3O2 + 18H3Cit 
+ C6H12O6  6Li3Cit + 2Ni3(Cit)2 
+ 2Co3(Cit)2 + 2Mn3(Cit)2 + 
33H2O + 6CO2

Oxalic 
acid

4H2C2O4 + 2LiCoO2  CoC2O4 
+LiHC2O4 + 2CO2 + 4H2O

Tartaric 
acid

2LiCoO2 (s) + 3C4H6O6 (aq) + 
H2O2 (aq)
C4H4O6Li2 (aq) + 2C4H4O6Co (aq) 
+ 4H2O (l) + O2 (g)

Malic 
acid

4LiCoO2(s) + 12C4H6O5 (as)  
4LiC4H5O5 (aq) + 4CoC4H5O5 (aq) 
+ 6H2O (l) + O2 (g)

Ascorbic 
acid

4C6H8O6 + 2LiCoO2  C6H6O6 + 
C6H6O6Li2 + 2C6H6O6Co + 4H2O

Acetic 
acid

Li2CoMn3O8(s) + 
10CH3COOH(aq) + 10H2O2(aq)  
2CH3COOLi(aq) + 
Co(CH3COO)2(aq) + 
3Mn(CH3COO)2 (aq) + 8H2O + 
3O2
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