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METHODS AND SYSTEMS FOR SMART BATTERY COLLECTION, SORTING, ARND

PACKAGING

CROSS-REFERENCES TO RELATED APPLICATIONS
{001} This application claims priority, under 35 US.C. § 119(e), to U.S. Application No.
62/811,342, filed February 27, 2019, entitled “Automatic Collection-Sorting-Packaging System
for Transporting End-of-Life Consumer Batteries”, and U 8. Application No. 62/880,744, filed
July 31, 2019, entitled “Methods and Systems for Smart Battery Sorting,” each of which 1s hereby
incorporated herein by reference 1n its entirety.
FIELD OF THE INVENTION
{002} This invention relates to apparatus, systems, and methods for collecting, sorting, and
packaging energy storage devices and more particularly for collecting, sorting, and packaging
batteries.
BACKGROUND
{803} In the following discussion certain articles and processes will be described for background
and 1ntroductory purposes. Nothing contained herem 1s to be construed as an admission of prior
art. Apphicant expressly reserves the right to demonstrate, where appropriate, that the articles and
processes referenced herein do not constitute prior art under the applicable statutory provisions.
{804] Collecting, sorting, and packaging are usually performed for the recycling or disposal of
energy storage devices including hithium-ion batteries (LIBs), and other energy storage devices.
End-of-life (EOL) LIBs or other LIB waste require a mode of collection that can be centralized or
decentralized to gather LIBs for recycling or disposal. LIBs can then be sorted to separate LiBs

from non-L1Bs, as well as to separate different LIBs of different chemustries. Sorting end-of-life
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(EOL) LiBs based on material chemistries 1s beneficial for direct recycling of EOL LiBs. Current
energy storage device sorting approaches cater more to the recycling of non-LIBs and usually treat
LiBs as a monolithic category in the sorting process. Existing sorting processes are typically
designed to sort a broad range of energy storage devices and have low efficiency in sorting LIBs.
{005} Proper packaging can also be beneficial to the process of recycling or disposal. For example,
EOL LIBs are considered to be hazardous waste by the U.S. government, and the U.S. Department
of Transportation currently requires special packaging for LIBs undergoing transportation, which,
in some cases, includes individual battery packaging.

[806] Proper waste management methods can incentivize stakeholders in battery value chain and
increase the EOL battery collection and recycling rate. Methods that increase the communication
and coordmation between different market players can be important to the efficiency and
economics of the collection, sorting, and recycling processes. Therefore, a svstem that transmits
data securely and safely between mvolved parties can greatly improve the overall methods and

processes used in the collection, sorting, and recycling of batteries and other energy storage devices.

SUMMARY
{8087} Apparatus, systems, and methods are disclosed for sorting energy storage devices. In some
embodiments, a method includes irradiating an energy storage device using an input radiation
characterized by a first electromagnetic spectrum and detecting an output radiation reflected or
backscattered by the energy storage device. The method also includes determining a second
electromagnetic spectrum of the output radiation and comparing the second electromagnetic

spectrum with a reference electromagnetic spectrum.  The method further includes generating a
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sorting instruction based on comparison of the second electromagnetic spectrum with the reference
electromagnetic spectrum.

{008} In some embodiments, a system includes a radiation source configured to wradiate an
energy storage device using an mput radiation characterized by a first electromagnetic spectrum.
The system also includes a detector configured to detect an output radiation reflected or
backscattered by the energy storage device. The system also includes a compute device configured
to determine a second electromagnetic spectrum of the output radiation and compare the second
electromagnetic spectrum with a reference electromagnetic spectrum. The compute device 1s also
configured to generate an mnstruction to sort the energy storage device based on comparison of the

second electromagnetic spectrum with the reference electromagnetic spectrum.

BRIEKF DESCRIPTION OF THE DRAWINGS

{009} A person skilled in the art will understand that the drawings primanly are for illustrative
purposes and are not intended to lumit the scope of the inventive subject matter described herein.
The drawings are not necessarily to scale; i some instances, various aspects of the inventive
subject matter disclosed herein may be shown exaggerated or enlarged in the drawings to facilitate
an understanding of different features. In the drawings, like reference characters generally refer to
like features {e.g., functionally simular and/or structurally similar elements).

{818] FIG. 1 shows a schematic of a system for sorting energy storages devices, according to an
embodiment.

{811} FIG 2illustrates an example of a correlation matrix used in the development of a machine

learning method for optimizing variables used in sorting systems, according to an embodiment.
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{812} FIG. 3 shows a schematic of a two-step system for sorting batteries, according to an
embodiment.

{013] FIG 4 shows a schematic of a system for integrated collection, sorting, and packaging of
energy storage devices, according to an embodiment.

{014] FIGS. 5A and 5B illustrate a system for integrated collection, sorting, and packaging of
energy storage devices, according to an embodiment.

{018} FIG 6 illustrates an example architecture of multiple systems for collection, sorting, and
packaging of energy storage devices, according to an embodiment.

{016} FIGS. 7A-7D illustrates a flow of process that can be implemented by the system shown
n FIG. 5A, according to an embodiment.

{817} FIG. 8 15 a table showing examples of battery data and types that can be used for battery
sorting, according to an embodiment,

{018] FIG 9 illustrates an example of a peer-to-peer connection between two nodes on a
decentralized waste management application, according to an embodiment.

{819] FIG. 10 ilustrates a decentralized waste management systern for processing end-of-hife
{EOL) batteries, according to an embodiment.

{828] FIG. 1115 a flowchart iflustrating a method of sorting energy storage devices, according to

an embodiment.

DETAILED DESCRIPTION
{021} The following description 13 presented to enable one of ordinary skill in the art to make
and use the invention and is provided in the context of a patent application and its requirements.

Various modifications to the example embodiments and the genetic principles and features
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described herein will be readily apparent. The example embodiments are mainly described in
terms of particular processes and systems provided in particular implementations. However, the
processes and systems will operate effectively in other implementations. Phrases such as “example
embodiment”, “one embodiment”, and “another embodiment” may refer to the same or different
embodiments.

{022} The example embodiments will be described with respect to methods and compositions
having certain components. However, the methods and compositions may include more or fewer
components than those shown, and variations in the arrangement and type of the components may
be made without departing from the scope of the mvention. It should be appreciated that all
combinations of the foregoing concepts and additional concepts discussed m greater detail below
{provided such concepts are not mutually inconsistent) are contemplated as being part of the
mventive subject matter disclosed herein. In particular, all combinations of claimed subject matter
appearing at the end of this disclosure are contemplated as being part of the mventive subject
matter disclosed herein. It should also be appreciated that terminology explicitly employed heremn
that also may appear in any disclosure mcorporated by reference should be accorded a meaning
most consistent with the particular concepts disclosed herein.

{023] The example embodiments will also be described 1n the context of methods having certamn
steps. However, the methods and compositions operate effectively with additional steps and steps
in different orders that are not inconsistent with the example embodiments. Thus, the present
invention is not intended to be limited to the embodiments shown, but 15 to be accorded the widest
scope consistent with the principles and features described herein and as himited only by appended

claims.
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1024} It should be noted that as used herem and in the appended claims, the singular forms “a,”
“and,” and “the” include plural referents unless the context clearly dictates otherwise. Thus, for
example, reference to the result of “a measurement” may refers to the result of one or a
combination of measurements, and reference to “a method” includes reference to equivalent steps
and processes known to those skilled i the art, and so forth.

{025} Where a range of values 15 provided, it 15 to be understood that each intervening value
between the upper and lower limit of that range—and any other stated or intervening value in that
stated range—is encompassed within the invention. Where the stated range includes upper and
lower limits, ranges excluding either of those linuts are also included in the mvention.

[026] Unless expressly stated, the terms used herein are intended to have the plain and ordmary
meaning as understood by those of ordinary skill in the art. The following definitions are intended
to aid the reader in understanding the present invention, but are not intended to vary or otherwise
himit the meaning of such terms unless specifically mdicated. Al publications mentioned heremn
are incorporated by reference for the purpose of describing and disclosing the formulations and
processes that are described in the publication and which might be used n connection with the
presently described mvention.

{0271 Those skilled in the art will recognize, or be able to ascertain using no more than routine
experimentation, many equivalents to the specific embodiments of the invention described heremn
in the detailed description and figures. Such equivalents are intended to be encompassed by the
claims.

{028} For simplicity, in the present document certain embodiments are described with respect to

use of certain methods. It will become apparent to one skilled in the art upon reading this
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disclosure that the invention 15 not intended to be himited to a specific use, and can be used for in
a wide array of implementations.

{1029} Unless defined otherwise, all technical and scientific terms used herein have the same
meaning as commonly understood by the ordinary person skilled in the art to which
the embodiments pertain.

{038} “Energy storage device” as used herein refers to any system, apparatus, or device that stores
energy in the form of chemical, electrochemical, electrical, or other potential energy, which can
be harvested or channeled for use. Energy storage devices include, but are not limited to, batteries,
fuel cells, capacitors, and supercapacitors.

[031] Many of the embodiments below reference to the terms “battery” or “hithium 1on battery”
or “LIB” i singular or plural form. In certain embodiments, these terms are used interchangeably
with the term “energy storage device”, and the apparatus, systems, and methods encompass all
other energy storage devices.

{832] The term “decentralized” and “decentralization” refer to the orgamization, reorganzation,
distribution, or redistribution of people, tools, functions, authorization, management, and storage
without recourse to a central authority.

{833] The term “smart contract” refers to a compute device function that triggers and executes
automatically under circumstances during which the terms of a prearranged agreement between at
least two transacting parties have been fulfilled.

{034} The term “distributed ledger technology™ or “DLT” refers to a database infrastructure that
can be held, written, accessed, and managed by a number of nodes or participating compute devices
across a network. “Blockchain” 1s one such DLT that utilizes packets of data called “blocks” to

hold information about transactions, events, tasks. In blockchain, new blocks are recorded
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chronologically by the network and only when a node in the network fulfills certain conditions of
the DLT’s consensus mechanism (known as proof-of-work in blockchain).

{035} Decentralized applications or “DApps” refer to applications, networks, or platforms such
as blockchain, Holochain, Hashgraph, I0TA, Tangle, Solid, SAFE Network, or other similar
decentralized applications, networks, or platforms that contain decentralized applications.

{036} One process for battery sorting includes a manual process, 1n which trained personnel are
placed along the convevor belt and sort different types of batteries that are fed down onto the
conveyor. The tramed personnel sort batteries twice, the first tirne based on a broad categorization
{(e.g., rubbish, hithium, 6 volts, packs, bags, lead) and the second tirne based on chemistry (e.g.,
nickel metal hydride (NiMH), ruckel cadnuum (NiCd), lithium ton, or hithium). Such a process
relies heavily on the training and capability of personnel to identify and sort batteries inan accurate
and efficient manner.

{837] Another process, also referred to as vision technology-assisted sorting, can be a more
automated battery sorting process. This process relies on vision technology and artificial
mielligence to separate batteries based on their label, size, shape, and weight. This process can
have higher sorting efficiency and higher accuracy rate than the manual process and 13 designed to
identify all cylindrical batteries up to D size and sort all 9V batteries nto four classes: alkaline,
NiMH, NiCd, and lithium. In addition, the vision technology helps with collecting data on batteries
and feeding them into a machine learning process, which further optimizes the efficiency and
accuracy of sorting.

{638] One 1ssue with the above two processes is that they are not designed to address specific
needs of sorting that are particular to certain energy storage devices such as LIBs. Specifically,

neither process can effectively separate energy storage devices based on their material chemistries.



WO 2020/176627 PCT/US2020/019910

For example, the material chemistry of most LIBs is not easily identifiable from the label, size,
shape, and/or weight of the battery itself Moreover, even LIBs with the same type of material
chemistry vary in shape and size. These differences in shape and size are nuanced, which makes it
challenging to rely solely on vision technology to sort.

{039] To address these challenges, systems, apparatus, and methods described herein employ a
sorting process for the effective separation of energy storage devices based on a number of physical
and chemical properties. Such a sorting process can, among other benefits, lead to the more
efficient and effective recycling of energy storage devices. Given that these apparatus, systems,
and methods are not particular 1o energy storage devices, the apparatus, systems, and methods
described heremn are also applicable to other sorting and separating applications.

[848] The two methods described above of sorting energy storage devices, manual sorting and
vision technology-assisted sorting, are usually madequate for many of the applications requiring
sorting by the chemical composition of the energy storage device. A smart sorting method that 18
able to sort by chemical composition of the energy storage device can facilitate the adoption of
direct recycling as a primary approach for energy storage device recyching, more specifically for
Iithium 1on battery (LIB) recycling. Direct LIB recycling can significantly reduce the production
cost of cathode materials and mutigate the negative environmental effect of current LIB recycling
methods. Specifically, 1t 18 suggested that the cost of producing recycled cathode matenals through
direct recycling method can be about 15% to about 43% lower than the production cost of virgin

g., Argonne National Laboratory, “Battery Recycling Modeling” 2018,

=

cathode matenals (see, e.
which 1s incorporated hereby by reference in its entirety). In addition, direct LIBs recycling is not
only cheaper than alternative LIB recycling methods {e.g., pyrometallurgical or hydrometaliurgical

methods}) but also significantly lower in COn and SOx emission.
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{041} FIG. 1 shows a schematic of a system 100 for sorting energy storages devices, according
to an embodiment.  The system 100 includes a chemical sensing device 110 that has a radiation
source 112 configured to irradiate an energy storage device 105 or a plurality of energy storage
devices 105, using an input radiation characterized by a first electromagnetic spectrum.  The
chemical sensing device 100 also includes a detector 114 configured to detect an output radiation
reflected or backscattered by the energy storage device 105, The system 100 also includes a
compute device 120 configured to determine a second electromagnetic spectrum of the output
radiation and compare the second electromagunetic spectrum with a reference electromagnetic
spectrum. The compute device 120 1s also configured to generate an instruction to sort the energy
storage device 105 based on comparison of the second electromagnetic spectrum with the reference
electromagnetic spectrum.

{042} In some embodiments, the instruction generated by the compute device 120 1s sent to a
rerouting device 140 (also referred to as a sorting device 140), which is configured to implement
the mstruction and sort the energy storage device 105 mto different locations. FIG. 1 shows two
locations 142 and 144 for illustrative purposes only. In some embodiments, the sorting device 140
can be configured to reroute energy storage devices 105 into more than two possible locations (e.g.,
three locations, four locations, five locations, etc.}.

{843] Insome embodiments, the system 100 includes a conveyor belt 130 to transport the energy
storage devices 105 and facilitate the sorting process. In some embodiments, the conveyor belt
130 can operate at a capacity between one and ten batteries per minute. In some embodiments, the
conveyor belt 130 can operate at a capacity between ten and one hundred batteries per minute. In
some embodiments, the conveyor belt 130 can operate at a capacity between one hundred and one

thousand batteries per minmute.
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{044] Insome embodiments, the chemical sensing device 110 includes X-ray fluorescence (XRF)
spectroscopy. X-ray tluorescence spectroscopy uses X-ravs generated from an excited source to
iradiate a target. The target responds through the enussion of X-ray spectra characteristic to
certain chemical compositions. The X-ray spectra can be compared to the X-ray spectra of known
chemical compositions to determine the chemical composition of the target. The penetration depth
of X-rays can be large enough to penetrate through surface coatings, coverings, or other material,
which provides the capability of identifying the chemical composition of the material of energy
storage devices 105 beneath coatings, coverings, or other surface matenial

[845] o some embodiments, the chemical sensing device 110 mcludes absorption spectroscopy.
In some embodiments, the chemical sensing device 110 includes uliraviolet-visible spectroscopy.
In some embodiments, the chemucal sensing device 110 imcludes X-ray absorption spectroscopy.
In some embodiments, the chemical sensing device 110 includes ultraviolet-visible fluorescence
spectroscopy. In some embodiments, the chemical sensing device 110 includes energy-dispersive
X-ray spectroscopy. In some embodiments, the chemical sensing device 110 mcludes
photoemission spectroscopy, such as X-ray photoelectron spectroscopy and/or ultraviolet
photoelectron spectroscopy. In some embodiments, the chemical sensing device 110 nclades
projectional radiography by X-ray radiation. In some embodiments, the chemucal sensing device
110 includes computed tomography {CT). In some embodiments, the chemical sensing device 110
includes Raman spectroscopy.

{846] In some embodiments, the chemical sensing technology can be combined with physical
sensing technology during the sorting process. Without being bound by any particular theory or
mode of operation, the physical sensing technology measures and records data on the physical

properties of the target {e.g., energy storage devices 105). Such data on the physical properties of

]
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the target can be used to increase the efficacy and/or accuracy of the sorting process when
combined with chemical sensing technology.

{047} As illustrated 1in FIG. 1, in some embodiments, the system 100 can include an optional
chemical sensing device 150 to determine at least one datum (or attribute) of physical information
of the energy storage devices 105 In these embodiments, the compute device 120 can be
configured to generate the instruction of sorting the energy storage devices 105 based on the
combination of chemical composition measurement acquired by the chemical sensing device 110
and the at least one datum of physical information measured by the physical sensing device 150.
[048] In some embodiments, physical information that can be acquired by the physical sensing
device 150 includes, but 1s not himited to, physical height, width, or thickness, weight, density,
color, written information {e.g., information written on labels), visual patterns, or auditory
charactenistics. Sorting the energy storage devices or generating the sorting nstruction can be
conducted based on the chemucal composttion comparison and/or the physical information
comparison.  The physical information comparison can be conducted between the physical
mformation acquired by the physical sensing device 150 and reference physical information, such
as a database of known physical imformation standards. In some embodiments, the reference
physical information can be derived from sources, such as public database, previously collected
database of known samples, predictive algorithm, or other predictive or correlative software.
{049} In some embodiments, the physical sensing device 150 includes a camera. In some
embodiments, the camera can measure at least one physical dimension of the energy storage
devices 105. In some embodiments, the camera can also visually record written information on the
surface of the energy storage devices 105, In some embodiments, the camera can visually record

the color of the energy storage devices 105. In some embodiments, the camera can visually record
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visual patterns on the surface of the energy storage devices 105. The patterns or written imformation,
which can include, in whole or in part, radio frequency identification code, barcode, serial code,
or written or pictorial labels detatling manufacturer, material, year of manufacture, or location of
origin, on the surface of the energy storage device, can be used to deduce or identify certain
nformation about the energy storage devices 105

{058} In some embodiments, the camera operates in the X-ray spectrum. In these embodiments,
the camera can visually record patterns or componenis under the surface of the energy storage
device.

{051} In some embodiments, the physical sensing device 150 includes a mass sensor. The mass
sensor can measure the mass of the energy storage devices 105, The mass sensor can, mn
combination with another physical sensing technology, such as a camera, measure the density of
the energy storage devices 105,

{0521 In some embodiments, the chemical sensing device 110, the compute device 120, the
sorting device 140, and the locations 142 and 144 form a first sorting stage, and the system 100
can further include one or more additional sorting stages. For example, a second sorting stage {(not
shown 1n FIG. 1) can be disposed at location 142 to further sort energy storage devices 105 that
are rerouted to the location 142 by the sorting device 140, In some embodiments, the second
sorting stage can be substantially sumular to the first sorting stage. For example, the second sorting
stage can include a second chemical sensing device, a second compute device, and a second sorting
device. In some embodiments, the first sorting stage and the second sorting stage can use the same
chemical sensing technology and/or the physical sensing technology. In some embodiments, the
first sorting stage and the second sorting stage can use different chemical sensing technologies

and/or different physical sensing technologies. In some embodiments, a third sorting stage can be



WO 2020/176627 PCT/US2020/019910
14

disposed at the end of the second location 144, In some embodiments, additional sorting stages
can be included into the system 100 to form a cascade sorting system.

053] In some embodiments, the system 100 further includes a packaging subsystem (not shown
mn FIG. 1; see, e.g, FIG. 4) configured to package energy storage devices 105 after sorting. In
some embodiments, the packaging subsystem can be disposed at or after the locations 142 and 144,
where the energy storage devices 105 can be packaged. The packaging subsystem can also include
one or more packaging materials and one or more packaging devices for packaging the energy
storage devices 105. In some embodiments, the packaging material can include insulating
materials {e g., plastic), paper, nonconductive tapes, or combination thereof In some
ernbodiments, the packaging subsystem 1s configured to imdividually wrap each energy storage
device 105,

[854] In some embodiments, the packaging subsysterm can be configured to package the energy
storage devices 105 s0 as to prevent the contact between different energy storage devices 105 In
some embodiments, the packaging subsystem can be configured to package the energy storage
devices 105 so as to prevent electrical contact between the posttive and negative leads of one
energy storage device 105, In some embodiments, the packaging subsystem can be configured to
package the energy storage devices 105 so as to prevent electrical contact among leads from
different energy storage devices 105

{655] In some embodiments, the packaging subsystem is configured to implement an automated
application of packaging materials. In some embodiments, the packaging subsystem is used by one
or more personnel to implement manual applications of packaging materials. In some
embodiments, the packaging subsystem can be configured to implement a hybrid of automated

and manual applications of packaging materials.
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{056] In some embodiments, the system 100 further includes a collection subsystem (not shown
i FIG. 1; see, e.g., FIG. 4) configured to collect the energy storage devices 105 for subsequent
sorting. In some embodiments, the collection subsystem includes a receiving device {e.g., slot, a
hole, or a receptacle) configured to receive the energy storage devices 105, which can then be
transferred to conveyor belt 130 for sorting via a slide or a chute. In some embodiments, the
collection subsystem can also include components from the sorting system such that the collection
and sorting processes contain a temporal overlap, which would allow for sorting to commence as
soon as the energy storage device 105 1s received m the collection subsystem. In some
ernbodiments, the collection subsystem can include a user interface.

{057} Insome embodiments, the sorting system as illustrated in FIG. 1, the collection subsystem,
and the packaging subsystem form an integrated system configured to efficient and streamlined
processing of energy storage devices 105, The processing includes a one-stop service of collection,
sorting, and packaging. In some embodiments, the integrated system includes a receptacle housing
a collection subsystem, a sorting subsystem {e.g., shown m FIG. 1), and a packaging subsystem,
as described herein. In some embodiments, a machine learning method can be used to assist in the
miegrated collection, sorting, and packaging of energy storage devices. In some embodiments, the
system for integrated collection, sorting, and packaging 1s connected to at least one device, server,
or gther system.

{658] The apparatuses, methods, and systems described herein can be implemented, in all or in
part, as computer executable instructions on computer-readable media. As understood by a person
skilled in the art, the various steps of the apparatuses, methods, and systems described herein may
be implemented as various blocks, operations, routines, tools, modules and techniques, which i

turn may be implemented in hardware, firmware, software, or any combination of hardware,
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firmware, and/or software. In certain embodiments, hardware implementations can include but are
not hmited to a custom integrated circwnt (1C), an application specific integrated circuit (ASIC), a
field programmable logic array (FPGA), a programmable logic array (PLA), etc. In other
embodiments, when implemented as software, the software may be stored in any computer
readable medium known in the art, including, but not linuted to, a solid-state disk, a magnetic disk,
an optical disk, or other storage medium, in a RAM or ROM or flash memory of a computer,
processor, hard disk drive, thumb drive, optical disk drive, or tape drive. In one embodiment, the
software may be delivered to a user or a computing system via any delivery method known in the
art, including but not limited to over a communication channel such as the internet, a wireless
connection, a satellite connection, a telephone line, a computer readable disk, local area network,
wide area network, or other transportable computer storage mechanism.

{059} One set of embodiments provides for a suttable computing system environment known in
the art to implement the apparatuses, methods, and systems described herem, including but not
himited to mobile phones, laptops, personal computers, server computers, multiprocessor systems,
microprocessor-based systems, set top boxes, programmable consumer electronics, network PCs,
mintcomputers, mainframe computers, cloud computing environments, and distributed computing
environments that include any of the above systems or devices, etc. In some embodiments, the
steps of the apparatuses, methods, and systems described herein are muplemented via computer-
executable instructions such as program modules, including but not limited to routines, programs,
objects, components, data structures, etc. that perform particular tasks or implement particular
abstract data types. In one embodiment, the methods and systems are practiced in a distributed
computing environment, where tasks are performed by remote processing devices that are linked

through a communications network. In one embodiment, the systems, methods, and apparatuses
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are practiced m an integrated computing environment. In both integrated and distributed
computing environments, program modules may be located in both local and/or remote computer
storage media, including memory storage devices.

{0608} Thus, one set of embodiments provides a computer-readable medium having computer
executable instructions for deternmining the sorting or sorting decision.

{061} Another set of embodiments provides a computer-readable medium having computer
executable instructions for performing spectral analysis of the energy storage device to determine
the spectral characteristics of the energy storage device.

[062] Another set of embodiments provides a computer-readable medium having computer
executable nstructions for the execution of the method of chenucal composition comparison
described above and/or the method of physical information comparison described above.

[063] In some embodiments, the system 100 (or other systems described herein) utilizes a
machine learning classification method to process the sorting decision. Data can be previously
collected to develop a classification model for the machine learning classification method. The
classification model can be tested to ensure the accuracy of the classification model in identifying
and sorting the energy storage device based on chemical composition. The classification model
can be updated as necessary for reasons including, but not hmited to, improving accuracy or
accounting for new energy storage devices.

{864} In some embodiments, the machine learming classification method utilizes k-nearest
neighbors (k-NN). In some embodiments, the machine learning classification method utilizes a
decision tree. In some embodiments, the machine learning classification method utilizes logistic
regression. In some embodiments, the machine learning classification method utilizes naive Bayes.

In some embodiments, the machine learning classification method utilizes principle component
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analysis. In some embodiments, the machine learning classification method utilizes feature
selection.

{065} Insome embodiments, the classification model is stored directly in the system 100, re , the
system 100 can utilize the classification model directly. In some embodiments, the classification
model can be stored in a central location. In these embodiments, the classification model can be
made available to be downloaded to the system 100.

{066} In some embodiments, the datum generated from the chemical sensing device 110 and/or
the physical sensing device 150 can be uploaded to a server that stores the classification model.
The server can be configured to process the uploaded data using the machine learning classification
to produce the sorting decision. The sorting decision is then downloaded by the system 100 and
utilized by the system 100 (e g., to control the sorting device 140 to implement the sorting decision),
In some embodiments, the server includes a cloud server, and the system 100 15 configured to
mplement cloud computing using a cloud computing service {e.g., Amazon Web Services, Azure,
Google) or an Industrial Tnternet of Things (IEOT) service {e.g., General Electric Predix, Siemens
Mindsphere).

{867] In some embodiments, the system 100 can be connected to safety, quality, production,
materials resource planning, accounting, logistics, waste management, or other enterprise software,
The system 100 can also output data to be used 1n the safety, quality, production, materials resource
planning, accounting, logistics, waste management, or other enterprise software. In some
embodiments, the system 100 can receive data from the safety, quality, production, materials
resource planning, accounting, logistics, waste management, or other enterprise software to be

utilized in the sorting decision process, for maintenance purposes, or other purposes.
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1068} In some embodiments, the system 100 can be connected to a DApp or utilizes a DApp on
a decentralized network. The use of a DApp can, for example, protect the security of data and
provide peer-to-peer interactions or transactions between parties involved in battery collection,
transportation, sorting, recycling, manufacturing, distribution, and governance. In some
embodiments, the system 100 can be configured to send and receive at least one datum to or from
a decentralized network. The system 100 can make use of a DLT to store, access, and write at least
one datum that 1s immutable and secure. The system 100 can allow for the storage, access, and
writing of at least one datum by various parties imvolved in battery collection, transportation,
sorting, recycling, manufacturing, distribution and governance.

[069] In some embodiments, the system 100 can be configured to use a smart contract to create
interactions and agreements between these parties (see, e.g., FIG. 9). For example, a smart contract
can be created between a governing body and a battery collector that automatically compensates
the battery collector after a certain number of batteries are collected.

{078} In some embodiments, a BApp can be used to create mteractions between different
stakeholders in the LIB or energy storage device mdustry. Each participant can interact with any
other via such a decentralized application or using a decentralized network for various activities
such as to form partnerships, initiate smart contracts, transact, or share mformation {(see, e.g., FIG.
10).

{871} Insome embodiments, a DApp can be used to mcentivize the recycling of batteries. Such
mcentives can include compensation of battery consumers to return EQL batteries to collection
devices, tax subsidies, or compensation by regulatory bodies to promote battery recycling,

compensation to battery transporters to optimize collection or distribution routes, rewards for
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sorting battery accuracy, compensation or subsidies to battery manufacturers that use recycled
battery material, or other similar incentives.

{072} In some embodiments, a DApp can be used to track information about batteries or other
energy storage devices. These batteries can have unique 1dentifiers or signatures that allow for the
easy identification in locations such as collection units, manufacturers, sorters, recyclers, and by
other such as governing bodies or consumers. A DApp can enable the efficient tracking of this
mformation through the lifecycle of the battery while also keeping the information secure and safe,
as well as participants, owners, or temporary holders of the battery secure and anonymous.

[073] Many modifications and vanations can be made in the materials, methods, and kits
described herein without departing from the spirit and scope of the mmvention. Accordingly, it
should be understood that the apparatuses, methods, and systems described herein are tHustrative
only and are not hmiting upon the scope of the invention.

{074] The following examples are put forth so as to provide those of ordinary skill in the art with
a complete disclosure and description of how to make and use the present invention, and are not
miended to it the scope of what the inventors regard as their invention, nor are the examples
mtended to represent or tuply that the experiments below are all of or the only experiments
performed. It will be appreciated by persons skilled in the art that numerous vanations and/or
modifications may be made to the mvention as shown m the specific embodiments without
departing from the spirit or scope of the mvention as broadly described. It should also be
appreciated that the examples provide enabling guidance on the use of the combined features of
the disclosure to apply such tools, systems and methods to other uses. The present embodiments

are, therefore, to be considered in all respects as illustrative and not restrictive.
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{075} The examples can be implemented in certain embodiments by computers or other
processing devices incorporating and/or running software, where the methods and features,
software, and processors utilize specialized methods to analyze data.

{076} Efforts have been made to ensure accuracy with respect to numbers used, but some
experimental errors and deviations should be accounted for. Unless indicated otherwise, parts are
parts by weight, molecular weight is weight average molecular weight, temperature is in degrees
centigrade, and pressure is at or near atmospheric.

18777 Exampie 1

[078] The example pertains to the sorting of batteries. The example utilizes two systems, each of
which includes an industrial camera, a weight sensor, and an XRF analyzer to collect battery
features such as width, length, height, weight, and chenucal composition. The XRF analyzer can
effectively penetrate most the cover of pouch cell LIBs because the cover 1s usually made of thin
plastics or polymer-lanminated aluminum film. Accordingly, the XRF can accurately measure the
composition of heavy chemical elements in the cathode material of EOL LIBs. Collecting data on
the chemical composition can be beneficial for sorting EOL LIBs based on thew cathode material
chemistry.

{079} The data collected through the mdustrial camera, weight sensor, and XRF analyzer can be
used as training data to develop a classification model used in the machine learning technique. The
classification model can then be downloaded onto the system or made available as a web service
through an HOT platform to all the equipment which are registered on the platform. Data can be
sent from the equipment to the HOT platform once EOL batteries are fed into the equipment and

the HOT platform can analyze the data and return sorting results based on its classification model.
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{088] The first system separates LIBs from non-LIBs. The second system sorts LIBs based on
their cathode material chenustries, such as hithium cobalt oxide (abbreviated as LCO, in general
format LiCo02), lithium mixed transition metal oxide (abbreviated as NMC, in more general
format LiNiaMmCocAdOn, where A = Al Zr, Mg, etc., a+b+c+d 1s equal to about 1), and lithium
won phosphate (abbreviated as LFP, in general format LiFeP(4). Both systems utilize the sorting
decisions made to send batteries to different locations along a multi-path conveyor to be grouped
together by similar chemical compositions. In some embodiments, the second system can be
disposed at the output location of the first system where LIBs are rerouted.

{081} FIG 2 illustrates an example of a correlation matrix used in the development of a machine
learning method for optimizing variables used in sorting systems, according to an embodiment.
To develop the classification model used in the machine learning method, a sample of 46 batteries
are measured for width, height, length, weight, and chemical composition. To ensure a
parsimonious classification model, all battery features are grouped wnto varable sets and a
correlation matrix 1s developed. The feature selection method 1s utilized to reduce battery features
mito the eight most significant features. A classification method 1s created and optimized based on
terating various algorithmic techniques.

{0821 FIG. 3 shows a schematic of a two-step system 300 for sorting batteries, according to an
embodiment. In the systern 300, input batteries 310 are sorted mto LIBs 322 and other batteries
324 in the first stage of sorting. The second stage of sorting is used to further sort LIBs 322 into
different categories based on the chemical compositions. For example, as iustrated in FIG. 3, the
second sorting stage can be configured to sort LIBs into lithium cobalt oxide (LCO) batteries 332,
lithiom mixed transition metal oxide (NMC) batteries 334, and lithium iron phosphate (LFP)

batteries 336. For illustrative purposes only, three types of LIBs 322 are shown in FI(G. 3. In
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practice, the second sorting stage can be configured to sort LiBs 322 into more than three
categories.

[083] Example?2

{084] FIG 4 shows a schematic of a system 400 for integrated collection, sorting, and packaging
of energy storage devices 405, according to an embodiment. The system 400 includes an
mtegrated unit 410, which further includes a collection stage 412 (also referred to as a collection
subsystem 412}, a sorting stage 414 (also referred to as a sorting subsystem 414), and a packaging
stage 416 {also referred to as a packaging subsystem 416). In some embodiments, the collection
stage 412 includes a receptacle (not shown in FIG. 4) to receive energy storage devices 405 and
transfer the received energy storage devices 403 to the sorting stage 414, where the energy storage
devices 403 are divided into different categories {e.g., in terms of their chemical compositions).
The packaging stage 416 1s configured to package the sorted energy storage devices 403, after
which a transportation unit 420 can be used to transport the packaged energy storage devices 405
to desired destinations.

[B83] Insome embodiments, at least some of the energy storage devices 403 are collected, sorted,
and packaged for transportation to a recyching plant. In some embodiments, at least some of the
energy storage devices 405 are collected, sorted, and packaged for transportation to be discarded.
In some embodiments, at least some of the energy storage devices 405 are collected, sorted, and
packaged for transportation to be reused.

{086] FIGS. SA and 5B ilustrate a system 500 for integrated collection, sorting, and packaging
of energy storage devices, according to an embodiment. The system 500 includes an inlet 510 to
receive energy storage devices. The inlet 510 includes at least one sensor, such as a weight sensor,

a shape sensor, a size sensor, or a combination thereof. An element sensing unit 520 1s used 1n the
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system 500 to determine the chemical composition {or elemental composition} of the energy
storage devices.

{087} The system 500 also includes a guiding switch 530 configured for rerouting the energy
storage devices into different holding units 550a, 550b, and 550c¢ (collectively referred to as
holding units 550). Three holding units 550 are shown in FIG. 5 for tllustrative purposes only. In
some embodiments, the system 500 can include more than three holding units. In some
embodiments, a packaging unit 540 15 disposed before one holding unit 550¢ configured to receive
LiBs and configured to package the LIBs before they reach the holding unit 550c. In some
ernbodiments, as illustrated 1 the cross-sectional view in FIG. SA, the system 500 includes a
housing 360 that 1s configured to substantially enclose the element sensing unit 520, the guiding
switch 530, the packaging unit 540, and the holding units 550

[088] The packaging unit 540 in the system 500 5 configured to package the energy storage
devices for safe transportation. In some embodiments, the packaging unit 540 1s configured to
package each energy storage device individually. In some embodiments, the packaging unit 540 15
configured to package together multiple energy storage devices of the same type. In some
embodiments, the packaging unit 540 13 configured to use a flexible packaging material, such as
plastic film, tape, or sheet. In some embodiments, the packaging urnut 540 can be disposed prior to
the guiding switches 530. In some embodiments, at least one packaging unit 540 1s used to package
at least one of the battery types after sorting.

{089] FIG. 5B illustrates an example process of making sorting decisions in the system 500
shown in FIG. 5A, according to an embodiment. The system 500 can use a controller to makea
sorting decision based on, e.g., at least one datum from the at least sensor or sensing unit.  As

=

illustrated in FIG. 5B, the weight of the energy storage devices can be determined by a load sensor.
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The shape and/or size of the energy storage devices can be determined by a distance sensor and/or
a camera. The chemical composition of the energy storage devices can be determined by an XRF
spectrometer. The data acquired by these sensors are sent to a controller configured to implement
a machine learning method based on the received data. The output of the machine learning method
includes an instruction to categorize a given energy storage device into one of the three types.
{0908} In some embodiments, the system 500 includes a user interface (e.g., operatively coupled
with the inlet 510} configured to receive input information from, e g, a user, an operator, or an
administrator. In some embodiments, the mput mformation can include information about the
energy storage devices deposited into the inlet 510. In some embodiments, the mput information
can include mformation about the identity of the party that deposits the energy storage devices into
the 1nlet S10.  In some embodiments, the mput information can include information about the
collection-sorting-packaging system or incentives for depositing batteries nto the collection-
sorting-packaging system. In some embodiments, such mformation can be mcluded i a smart
contract as a battery 1D

[891] In some embodiments, the controller 1s configured to alter the position of the guiding
switch 530 to direct the energy storage devices nto a corresponding holding unit 550a to 550¢
based on the datum generated by the sensing unuts {e.g., 510 and/or 520}. In some embodiments,
the datum can be used to determine the battery type. For example, a battery type may be LIB,
alkaline, or mickel metal hydride (NiMH)}. In another example, a battery type may be a subset of
LIBs such as LCO, NMC, and LFP.

{0921 FIG. 6 illustrates an example architecture 600 of multiple systems for collection, sorting,
and packaging of energy storage devices, according to an embodiment. The architecture 600

includes three integrated systems 010a, 610b, and 610c {(collectively referred to as integrated
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systems 610}, each of which can be substantially sumilar to the system 500 shown in FIGS. 5A and
5B. The controller in each system 610a through 610¢ is communicatively coupled to a central
processing server 620. In some embodiments, the central processing server 620 can be configured
to recetve data provided by the integrated systems 610 and implement a machine learning method
to make sorting decision for the integrated systems 610. In some embodiments, the central
processing server 620 includes a remote server and the computation can be conducted on a cloud-
based platform.

[093] In some embodiments, this central processing server 620 15 configured to provide
mstructions to the controller 1n each integrated system 610a to 610c. In some embodiments, the
controller m each integrated system 610a to 610c¢ 1s configured to transmit information, such as
number and tvpes of batteries processed, location, power level, damage reports, supply levels, or
schedules, to the central processing server 620. In some embodiments, the architecture 600 can
be used, for example, to collect, sort, and package energy storage devices for transportation and
recycling and to coordinate with other systems that monitor, manage, or analyze transportation and
recyeling processes.

[094] FIGS. 7A-7D dlustrate a flow of process 700 that can be implemented by the system shown
mFIG. 5A, according to an embodiment. FIG. 7A shows that energy storage devices are deposited
mio the mlet, and weight, shape, and size data of the deposited energy storage devices are collected.
The energy storage devices are then passed through a conveyance system to the elemental detector,
which 1s configured to analyze and record the elemental constituents of the energy storage devices,
as shown in FIG. 7B.

{095} The weight, shape, size, and elemental data are fed into the controller, which determines

the position of guide switches within the receptacle based on the type of the energy storage device
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determined by the controller’s analytical system. These guide swiiches change the path of the
energy storage devices to one of at least two holding units based on the type of the energy storage
device, as shown in FIG. 7C. At least some of the sorted energy storage devices are then packaged
prior to entering the holding unit, as shown 1 FIG. 7D In some embodiments, only the LIBs are
packaged and other types of batteries are not packaged.

{096] FIG § 15 a table showing examples of battery data and types that can be used for battery
sorting, according to an embodiment. The battery shape, size, and weight information can be
acquired, for example, by the physical sensing device {e.g, 150) described herein, and the
elemental analysis can be deternmined by, for example, the chemical sensing device {e.g., 110}
described herein. The type of the battery can then be determined based on the physical and/or the
chemical information acquired by the sensing devices.

{097} FIG 9 illustrates a system 900 of a peer-to-peer connection between two nodes on a
decentralized waste management application, according to an embodiment. The systermn 900
meludes a first node 920a and a second node 920b, both of which are connected to a smart contract
910. Each node 920a or 920b can represent various types of participants on a decentralized waste
management network. The star in each node represents the copy of the smart contract 910 running
on each node The participants can imclude government agencies that regulate the waste
management and provides licenses, battery collectors, battery recyclers, battery transporters,
battery consumers, or other stakeholders in the energy storage device value chain.

(098] FIG. 10 idllustrates a decentralized waste management system 1000 for processing EQOL
batteries, according to an embodiment. The system 1000 iflustrates participants and examples of
their potential interactions on an EOQL battery on a decentralized waste management application or

using a decentralized network. Each participant can interact with any other via such a decentralized
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application or using a decentralized network for various activities such as to form parinerships,
mitiate smart coniracts, transact, or share information. Raw matenal producers 1011 include
entities that mine and harvest raw materials and can supply these raw materials (e.g., elemental
compounds) to electrode material producers 1012, Electrode material producers 1012 produce
electrode materials, such as cathode materials and anode materials, and can supply electrode
materials to battery producers 1013, intermediary marketplaces 1021 that distribute electrode
materials, or directly to research laboratories 1043 that perform research on electrode materials
and batteries. Battery producers 1013 can manufacture batteries and supply them (sometimes
through a distributor) to consumer electronic producers 1014 or electric vehicle makers 1015, or
in some cases battery producers 1013 may supply batteries {(sometimes through a distributor)
directly to an individual customer 1041, Consumer electronic producers 1014 and electric vehicle
makers 1015 manufacture consumer electronics and electric vehicles, respectively, often utilizing
or integrating a battery n the process and the finished product. These two manufacturers can
supply consumer electronics and electric vehicles, respectively, (sometimes through a distributor)
to an individual customer 1041, Electric vehicle makers 1015 can also sell electric vehicles to
corporate clients 1042, Both mndividual customers and corporate clients that use electric vehicles
and consumer electronics products contaiming a battery can sell, dispose, or otherwise deposit thewr
product, when the product or battery reaches EQL, at either a service network 1022, which mcludes
vehicle maintenance and repair shops, or a consumer electronics repair shop 1023, Both service
networks 1022 and consumer electronics repair shops 1023 can dismantle and isolate the EOL or
otherwise used battery from the rest of a product and directly send batteries to an EQL battery
recvcler 1030, Both service networks 1022 and consumer electronics repair shops 1023 can also

send the battery or the battery contained in part of another product to an electronic waste (E-waste)
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or EOL battery collection and recycling company 1024, This E-waste or EQL battery collection
and recycling company 1024 can solate the EQL battery and send it to the EOL battery recycler
1030. The EOL battery recycler 1030 can dismantle and recycle various components of the battery.
Some of the recycled or recovered battery components (e.g., copper and aluminum) can be sent to
a waste collection firm 1050 that processes materials such as metals to be reused. Other recycled
or recovered battery components {e.g., recycled electrode materials, recycled solvents, recycled
electrolyte, recycled lithium salts) can be sent by the EOL battery recycler 1030 to battery
producers 1013 or electrode materials producers 1012, Battery producers may also send battery
waste to an EOL battery recycler 1030,

{099} FIG 11 15 a flowchart illustrating a method 1100 of sorting energy storage devices,
according to an embodiment. The method 1100 includes, at 1110, wradiating an energy storage
device using an mput radiation characterized by a first electromagnetic spectrum.  The method
1100 also mncludes, at 1120, detecting an output radiation reflected or backscattered by the energy
storage device. A second electromagnetic spectrum of the output radiation 1s determuned at 1130,
At 1140, the second electromagnetic spectrum 13 compared with a reference electromagnetic
spectrum.  The method 1100 further mncludes, at 1150, generating a sorting instruction based on
comparison of the second electromagnetic spectrum with the reference electromagnetic spectrum.
{168} In some embodiments, the wput radiation mcludes an Xeray radiation.  In some
embodiments, the output radiation is generated via an XRF process. In these embodiments, the
method 1100 can use an XRF spectrometer to determine the spectrum of the output radiation and

accordingly the chemical composition of the energy storage device.
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{101} In some embodiments, the method 1100 further includes sorting the energy storage device
based on the sorting instruction. In some embodiments, the method 1100 further includes
packaging the energy storage device after sorting.

{102] In some embodiments, the method 1100 further includes measuring at least one physical
attribute of the energy storage device. In these embodiments, the sorting instruction can be
generated based on: (1) the comparison of the second electromagnetic spectrum with the reference
electromagnetic spectrum, and (2} comparison of the at least on physical attribute of the energy
storage device with a reference physical atiribute. In some embodiments, the physical sensing
device includes a camera. In some embodiments, the physical sensing device 1ncludes a mass
SENSor.

{183} In some embodiments, generating the sorting instruction includes generating the sorting
mstruction using a machine learning classification model. In some embodiments, generating the
sorting 1nstruction includes: (1) generating a first instruction to sort a plurality of energy storage
devices into lithium ion batteries (LIBs} and other batieries; and {2) generating a second mstruction
to sort the LIBs.

{164] While various mventive embodiments have been described and illustrated herein, those of
ordinary skill mn the art will readily envision a variety of other means and/or structures for
performing the function and/or obtaiung the results and/or one or more of the advantages
described herein, and each of such variations and/or modifications is deemed to be within the scope
of the mventive embodiments described herein. More generally, those skilled in the art will readily
appreciate that all parameters, dimensions, materials, and configurations described herein are
meant o be exemplary and that the actual parameters, dimensions, materials, and/or configurations

will depend upon the specific application or applications for which the inventive teachings is/are
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used. Those skilled in the art will recognize, or be able to ascertain using no more than routine
experimentation, many equivalents to the specific inventive embodiments described hergin. 1t 15,
therefore, to be understood that the foregoing embodiments are presented by way of example only
and that, within the scope of the appended claims and equivalents thereto, inventive embodiments
may be practiced otherwise than as specifically described and claimed. Inventive embodiments of
the present disclosure are directed to each individual feature, system, article, material, kit, and/or
method described herein. In addition, any combination of two or more such features, systems,
articles, materials, kits, and/or methods, if such features, systems, articles, materials, kits, and/or
methods are not mutually inconsistent, 1s included within the inventive scope of the present
disclosure.

{165} Embodiments may be implemented using hardware, software or a combination thereof.
When implemented in software, the software code can be executed on any suitable processor or
collection of processors, whether provided in a single computer or distributed among multiple
computers. Further, it should be appreciated that a computer may be embodied in any of a number
of forms, such as a rack-mounted computer, a desktop computer, a laptop computer, or a tablet
computer. Additionally, a computer may be embedded in a device not generally regarded as a
computer but with suitable processing capabilities, mcluding a Personal Digital Assistant (PDA),
a smart phone or any other suitable portable or fixed electronic device.

{166} Also, a computer may have one or more input and output devices. These devices can be
used, among other things, to present a user interface. Examples of output devices that can be used
to provide a user interface include printers or display screens for visual presentation of output and
speakers or other sound generating devices for audible presentation of output. Examples of input

devices that can be used for a user interface include kevboards, and pomting devices, such as mice,
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touch pads, and digitizing tablets. As another example, a computer may receive input information
through speech recognition or in other audible format.

{107} Such computers may be interconnected by one or more networks in any suitable form,
mcluding a local area network or a wide area network, such as an enterprise network, and
mntelligent network (IN)} or the Internet. Such networks may be based on any suitable technology
and may operate according to any suitable protocol and may include wireless networks, wired
networks or fiber optic networks.

{108} The various methods or processes {e.g., of designing and making the retention/delivery
structure disclosed above) outlined herein may be coded as software that s executable on one or
more processors that employ any one of a variety of operating systems or platforms. Additionally,
such software may be written using any of a number of suitable programmung languages and/or
programming or scripting tools, and also may be compiled as executable machine language code
or intermediate code that 1s executed on a framework or virtual machine,

{169} Also, various inventive concepts may be embodied as one or more methods, of which an
example has been provided. The acts performed as part of the method may be ordered n any
suitable way. Accordingly, embodiments may be constructed i which acts are performed in an
order different than ilfostrated, which may nclude performing some acts simultanecusly, even
though shown as sequential acts in 1Hustrative embodiments.

{116} All publications, patent applications, patents, and other references mentioned herein are
mcorporated by reference in their entirety.

{111} All definitions, as defined and used herein, should be understood to control over dictionary
definitions, definitions in documents incorporated by reference, and/or ordinary meanings of the

defined terms.
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{112} The indefinite articles “a” and “an,” as used herein in the specification and in the claims,
uniess clearly mndicated to the contrary, should be understood to mean “at least one.”

{113} The phrase “and/or,” as used herein in the specification and in the claims, should be
understood to mean “either or both” of the elements so conjoined, i.e., elements that are
conjunctively present in some cases and disjunctively present in other cases. Multiple elements
listed with “and/or” should be consirued in the same fashion, 7.e., “one or more” of the elements
so conjoined. Other elements may optionally be present other than the elements specifically
identified by the “and/or” clause, whether related or unrelated to those elements specifically
identified. Thus, as a non-hmiting example, a reference to A and/or B”, when used in conjunction
with open-ended language such as “comprising” can refer, in one embodiment, to A only
{optionally including elements other than B), in another embodiment, to B only (optionally
mcluding elements other than A), n yet another embodiment, to both A and B (optionally
mcluding other elements); etc.

{114] As used herein in the specification and 1n the claims, “or” should be anderstood to have
the same meaning as “and/or” as defined above. For example, when separating items mn a bist, “or”
or “and/or” shall be mterpreted as being inclusive, ie., the inclusion of at least one, but also
meluding more than one, of a number or hist of elements, and, optionally, additional unhisted iems.
Only terms clearly indicated to the contrary, such as “only one of” or “exactly one of,” or, when
used in the claims, “consisting of,” will refer to the inclusion of exactly one element of a number
or list of elements. In general, the term “or” as used herein shall only be mnterpreted as indicating

exclusive alternatives (i.e. “one or the other but not both”) when preceded by terms of exclusivity,
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such as “either,” “one of,” “only one of” or “exactly one of 7 “Consisting essentially of,” when

used in the claims, shall have its ordinary meaning as used in the field of patent law.
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{1158] As used herein in the specification and in the claims, the phrase “at least one,” in reference
to a list of one or more elements, should be understood to mean at least one element selected from
any one or more of the elements in the list of elements, but not necessarily including at least one
of each and every element specifically listed within the list of elements and not excluding any
combinations of elements in the list of elements. This definition also allows that elements may
optionally be present other than the elements specifically identified within the list of elements to
which the phrase “at least one” refers, whether related or unrelated to those elements specifically
identified. Thus, as a non-linuting example, “at least one of A and B” {or, equivalently, “at least

43

one of A or B,” or, equivalently “at least one of A and/or B”) can refer, in one embodiment, to at
least one, optionally including more than one, A, with no B present {and optionally including
elements other than B); in another embodiment, to at least one, optionally including more than one,
B, with no A present {and optionally including elements other than A); in yet another embodiment,
to at least one, optionally including more than one, A, and at least one, optionally including more
than one, B {(and optionally mcluding other elements); etc.

{116] In the claims, as well as in the specification above, all transitional phrases such as
“comprising,” “mcluding,” “carrying,” “having,” “containing,” “wnvolving,” “holding,”
“composed of,” and the hike are to be understood to be open-ended, i.e., to mean including but not
himited to. Only the transitional phrases “consisting of” and “consisting essentially of” shall be
closed or semi-closed transitional phrases, respectively, as set forth in the United States Patent

Office Manual of Patent Examining Procedures, Section 2111.03.
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CLAIMS

1. A method, comprising:

irradiating an energy storage device using an nput radiation characterized by a first
electromagnetic spectrum;

detecting an output radiation reflected or backscattered by the energy storage device;
determining a second electromagnetic spectrum of the output radiation;

comparing the second electromagnetic spectrum with a reference electromagnetic
spectrum; and

generating a sorting instruction based on comparison of the second electromagnetic
spectrum with the reference electromagnetic spectrum.

2. The method of claim 1, wherein the mput radiation includes an X-ray radiation,

3. The method of claimo 1, wherein the output radiation 1s generated via an X-ray fluorescence
{(XRF} process.

4, The method of claim 1, further comprising;

sorting the energy storage device based on the sorting mstruction.

3 The method of claim 4, further comprising packaging the energy storage device after
sorting.
6. The method of claim 1, further comprising:

measuring at least one physical attribute of the energy storage device via a physical sensing
device, wherein generating the sorting instruction includes generating the sorting instruction based
on: {1} the comparison of the second electromagnetic spectrum with the reference electromagnetic
spectrum, and (2} comparison of the at least on physical attribute of the energy storage device with
a reference physical atiribute.

7. The method of claim 6, wherein the physical sensing device includes a camera.

g The method of claim 6, wherein the physical sensing device includes a mass sensor.
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9. The method of claim 1, wherein generating the sorting instruction includes generating the
sorting instruction using a machine learning classification model.

10, The method of claim 1, wherein generating the sorting nstruction mcludes:

generating a first instruction to sort a plurality of energy storage devices into lithium ion
batteries (LIBs} and other batteries; and

generating a second mstruction to sort the LiBs.

11 A system, COmprising;

a radiation source configured to irradiate an energy storage device using an input radiation
characterized by a first electromagnetic spectrum,;

a detector configured to detect an output radiation reflected or backscatiered by the energy
storage device; and

a compute device configured to:
deternune a second electromagnetic spectrum of the output radiation;

compare the second electromagnetic spectrum with a reference electromagnetic
spectrum; and

generate an instruction to sort the energy storage device based on comparison of
the second electromagnetic spectrum with the reference electromagnetic spectrum.

12, The system of claim 11, wherein the radiation source includes an X-ray radiation source.

13 The system of claim 11, wherein the radiation source and the detector form at least a portion
of an X-ray fluorescence (XRF) spectrometer.

14, The system of claim 11, further comprising;

a sorting device configured to receive the mstruction and reroute the energy storage device

2

based on the mstruction.

15. The system of claim 14, further comprising
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a packaging device, disposed after the sorting device, configured to package the energy
storage device.

16. The system of claim 11, further comprising:

a physical sensing device configured to measure at least one physical atiribute of the energy
storage device, wheremn the compute device 1s configured to generate the instruction to sort the
energy storage device based on: (1) the comparison of the second electromagunetic spectrum with
the reference electromagnetic spectrum, and (2} comparison of the at least on physical attribute of
the energy storage device with a reference physical attribute.

17. The system of claim 16, wherein the physical sensing device includes a camera.
18 The system of claim 16, wherein the physical sensing device includes a mass sensor.
19, The system of claim 16, further comprising:

an inlet configured to receive the energy storage device, wherein the physical sensing
device is operatively coupled to the inlet.

20, The system of clarm 11, wherein the compute device s configured to generate the
nstruction to sort the energy storage device using a machine learning classification model.

21 The system of clamm 11, wheremn the instruction to sort the energy storage device includes
a first instruction to sort a plurality of energy storage devices into lithium 1on batteries (LIBs) and
other batteries and a second mstruction to sort the LiBs.
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