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Abstract

This paper presents a systems-level framework for lifecycle management and recycling of spent
lithium-ion battery components that integrates design-for-circularity, digital traceability, and
high-yield recovery technologies. The framework comprises five layers: (1) product and supply
intelligence, (2) collection and reverse logistics, (3) triage and second-life allocation, (4) safe
disassembly and materials recovery, and (5) circular reintegration and reporting. Layer one
embeds battery passports and bill-of-materials disclosure to standardize chemistries, enable
hazard classification, and support responsible sourcing. Digital identifiers and condition data
flow into a cloud ledger to forecast volumes, chemistries, and residual energy. Layer two
operationalizes compliant collection, transport, and aggregation. Route optimization, de-
energizing protocols, tamper-evident containers, and UN 38.3-aligned packaging reduce
incidents and cost per kilogram moved. Layer three prioritizes cascading use. Modules above
state-of-health thresholds are repurposed for stationary storage with warranty-informed duty
cycles, while below-threshold packs are routed to recovery based on chemistry, contamination,
and residual energy. Layer four integrates deactivation, depack, and cell opening with
engineering controls for thermal runaway, hydrogen fluoride, and solvent emissions. A hybrid
recovery train combines mechanical liberation and density separation with targeted
hydrometallurgy, pyrometallurgy where appropriate, and direct-recycling to preserve cathode
crystal structure. Process intensification leach—electrowin circuits, selective precipitation,
solvent extraction, and ion exchange yields battery-grade lithium salts, nickel, cobalt,
manganese, graphite, copper, and aluminum. Binder and electrolyte management include PVDF
recovery and solvent distillation with off-gas scrubbing. Layer five closes the loop through
specification-driven offtake, environmental and social performance accounting, and adaptive
planning. Dynamic life-cycle assessment quantifies impacts relative to virgin mining, while
techno-economic analysis benchmarks levelized recovery cost under variable feed composition
and policy incentives. Governance elements align extended producer responsibility,
occupational safety, and due diligence with recognized standards, enabling verifiable recycled
content, emissions baselines, and traceability. Key performance indicators include capture rate,
recovery yield, product purity, carbon intensity per kilogram recovered, cost per kilowatt-hour
processed, incident rate, and turnaround time. The framework’s modularity supports regional
tailoring, from micro-facilities integrated with e-waste aggregators to giga-scale hubs co-located
with cathode manufacturing. By orchestrating data, operations, and policy, the framework
accelerates battery circularity, mitigates supply risk, and reduces environmental burdens while
creating jobs.
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1. Introduction

Electrification of transport and the rapid build-out of stationary storage are accelerating faster than the end-of-life systems
originally envisioned for lithium-ion batteries, creating an imminent surge of spent cells and modules across consumer, mobility,
and grid assets. Without a coordinated lifecycle response, this wave amplifies supply risks for critical minerals, exposes
manufacturers and operators to ESG and compliance gaps, and increases safety hazards during handling, transport, and
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processing. At the same time, growing policy pressure for
recycled content and lower embodied carbon is reshaping
market access and financing (Asata, Nyangoma & Okolo,
2020, Bukhari, et al., 2020, Essien, et al., 2020). Against this
backdrop, the aim of this work is to define a systems
framework that spans design, collection, triage, recovery, and
circular reintegration so that value is retained, risks are
controlled, and material loops are verifiably closed.

The framework treats upstream design-for-circularity and
digital traceability as first-class levers; operationalizes
compliant, cost-effective reverse logistics; differentiates
second-life allocation from recycling via fast diagnostics;
integrates safe disassembly with high-yield hydrometallurgy,
selective pyrometallurgy, and direct-recycling where cathode
structure can be preserved; and reconnects recovered
materials to cell and component manufacturing through
specification-driven offtake and transparent reporting. The
scope covers the full hierarchy from cells to modules and
packs, including battery management systems, harnesses,
casings, and thermal components, as well as electrolytes and
binders recognizing that chemistry diversity and pack
architectures require adaptable routes (Abass, Balogun &
Didi, 2020, Amatare & Ojo, 2020, Imediegwu & Elebe,
2020).

Success is measured with a concise set of key performance
indicators that guide continuous improvement and external
assurance: capture rate of available end-of-life batteries,
component and elemental recovery yield, product purity to
battery-grade specifications, carbon intensity per kilogram
recovered relative to virgin supply, levelized processing cost,
and recordable incident rate across collection, transport, and
processing. By coupling engineering, data, and governance,
the framework offers a practical path to scale circular supply
while meeting safety, environmental, and economic
expectations (Adesanya, et al., 2020, Oziri, Seyi-Lande &
Arowogbadamu, 2020).

2. Methodology

The framework for lifecycle management and recycling of
spent lithium-ion battery components integrates predictive
analytics, zero-trust governance, digital-twin forecasting, and
circular-economy engineering to ensure safe, economical,
and environmentally compliant recovery of critical materials.
The methodology begins with the registration of each end-of-
life battery using a standardized digital identity enriched with
battery-passport metadata, provenance, State-of-Health,
State-of-Charge, cycle count, hazard indicators, and
chemistry family. Drawing inspiration from predictive-
analytics frameworks, metadata-driven orchestration, and
multi-channel data integration, all intake information is
verified through automated ingestion pipelines and anomaly-
detection layers to ensure data quality. This front-end identity
builds the chain-of-custody ledger that will persist through all
stages.

The collection and logistics phase operates as a coordinated
ecosystem involving OEM take-back programs, automotive
dealers, fleet operators, municipal recycling points, and
certified recyclers. Robotic process automation and
workflow intelligence are incorporated to streamline
documentation, while zero-trust security enforces integrity of
transport labels, hazard declarations, and ADR/DoT-
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compliant packaging. Telemetry from logistics providers
feeds real-time dashboards, ensuring safe routing,
temperature stability, and traceability. Predictive modeling
similar to telecom-level retention and segmentation
frameworks is applied to anticipate volume waves, optimize
pickup density, and reduce reverse-logistics cost.

At triage, rapid diagnostics determine repairability,
remanufacturability, second-life eligibility, or recycling
requirements. The workflow wuses SoH calculators,
impedance spectroscopy, BMS interrogation scripts, thermal
imaging, insulation-resistance thresholds, and predictive
classifiers adapted from credit-risk modeling literature to
generate decision probabilities. Decision governance follows
evidence-based causal-inference logic to avoid misallocating
units that could still have functional value. Batteries destined
for recycling undergo depowering, pack opening, module
separation, and cell extraction under inerted, HF-scrubbed,
and fire-suppression engineered controls. Compliance with
safety protocols mirrors aviation SOP governance and cloud-
security zero-trust standards.

Materials recovery proceeds through mechanical liberation of
casings, busbars, foils, separator films, and black mass.
Processing routes are chosen through a multi-objective
optimizer reflecting hydrometallurgical, pyrometallurgical,
or direct-regeneration pathways based on chemistry, impurity
load, safety constraints, and economic signals. Hydromet
routes include leaching, solvent extraction, ion exchange,
precipitation, and electrowinning. Pyro routes follow
controlled thermal debinding, capturing off-gases through
emissions-compliant abatement units. Direct regeneration is
deployed when cathode crystal structure can be restored.
Machine-learning-based quality assurance validates lithium,
nickel, cobalt, manganese, graphite, foils, PVDF, and
electrolyte recovery against battery-grade purity thresholds
using spectroscopy, thermal analysis, and chromatographic
signatures.

Recovered materials move through refining and certification,
where traceability, recycled-content accounting, and carbon-
intensity scoring are recorded on a blockchain-backed audit
ledger. Financial-governance concepts ensure fraud-resistant
reporting, while metadata orchestration harmonizes datasets
for regulators, OEMs, and cathode/anode manufacturers. The
digital-twin layer simulates market prices, logistics risk,
policy incentives, and chemistry transitions to guide
investment decisions. Lifecycle TEA and LCA quantify
CAPEX, OPEX, GHG intensity, energy demand, water use,
and pollutant loads under uncertainty using Monte-Carlo and
scenario-based modeling adapted from gas-turbine
optimization and supply-chain digital-twin literature.
Governance spans cybersecurity, privacy preservation,
access control, consented data sharing, anomaly detection,
and role-segmented permissions. MRV pipelines ensure
auditability for carbon credits, waste regulations, and safety
incidents. Continuous improvement is achieved through A/B
experimentation, operational analytics, SPC dashboards, and
resilience scoring derived from business-intelligence
frameworks. The end-state is a circular, data-secure,
economically viable, and policy-aligned system capable of
reintegrating recovered materials into new battery supply
chains while meeting global sustainability and safety
expectations.
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Fig 1: Flowchart of the study methodology

2.1. Design-for-Circularity & Standards

Design-for-circularity begins at the drawing board, where
mechanical, electrical, and information architectures are
specified so that packs can be safely serviced, economically
remanufactured, and efficiently recycled without sacrificing
performance in first life. The foundational principle is
modularity: cells are grouped into submodules with
standardized footprints, clear polarity markings, and
accessible busbar interfaces; submodules assemble into
modules, and modules into packs, each with consistent
fastening patterns and lifting points. Fasteners are favored
over adhesives so components can be separated without
thermal or chemical debonding that adds cost, damages
materials, and increases worker risk (Asata, Nyangoma &
Okolo, 2021, Essien, et al., 2021, Imediegwu & Elebe, 2021).
Where bonding is unavoidable for vibration or ingress
protection, designers specify reversible interlocks, peelable
sealants, or low-temperature softening tapes with
documented debonding profiles. Harnesses and cooling
plates route outside crush zones and are secured with clips
that can be released with common tools. Casing geometries
include tool-clearance windows and captive hardware to
minimize loose parts during disassembly, and torque
specifications are printed or etched adjacent to critical joints.
Every assembly surface bears durable labels or laser marks
that declare chemistry families, nominal voltages, electrolyte
salts/solvents, binder types, and a bill-of-materials identifier
tied to a canonical digital record; this disclosure is essential
for routing decisions second life, direct recycling,
hydrometallurgy, or selective pyro because the economic and

safety cases depend on chemistry and construction.

Battery passports and persistent digital identities extend this
physical design into data space. Each cell, module, and pack
receives a unique cryptographically verifiable ID embedded
in QR/NFC/RFID tags readable without opening enclosures.
The ID resolves to a standardized data model that stores
composition (cathode/anode, binder, separator, electrolyte),
serial/batch numbers, date of manufacture, UN 38.3 test
status, SoH/SoC history, duty cycles, software versions, and
repair events (Asata, Nyangoma & Okolo, 2022, Bukhari, et
al., 2022, Essien, et al., 2022). Throughout first life, the
battery management system streams hashed health
summaries at service intervals, anchoring provenance and
enabling early detection of safety issues. At the end of life,
diagnostics stations interrogate IDs to confirm residual
energy and hazard classifications, while the passport provides
disassembly instructions, torque maps, and hazards (e.g., HF
potential, active shutoff locations). Data governance ensures
role-based access so OEMs can protect intellectual property
while recyclers, second-life integrators, and regulators
receive the information necessary to act safely and
compliantly. Cybersecurity is part of circularity: tamper-
evident logs, secure boot for BMS, and signed firmware
reduce risks of falsified histories or malicious bricking that
could derail reuse.

Compliance anchors are woven into the design rules so that
circularity is not an afterthought. UN 38.3 transport testing
drives vibration, shock, thermal, external short, impact,
overcharge, and forced-discharge resilience; design features
that pass the test e.g., vent paths, current interrupt devices,
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robust separator stacks also reduce handling incidents during
collection and reverse logistics. IEC/UL safety standards
define fault containment and insulation requirements for cells
and packs, influencing creepage, clearance, and dielectric
barriers that make safe depowering and module opening
feasible at end of life (Akinrinoye, et al. 2015, Bukhari, et al.,
2019, Erigha, et al., 2019). Environmental management
systems to 1SO 14001 formalize objectives, targets, and
controls for materials selection, production waste, and EoL
routing; occupational safety to ISO 45001 embeds risk
assessment into assembly and disassembly tasks; and
information security to 1ISO 27001 governs battery passport
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infrastructure, ensuring personal and commercial data used in
reverse logistics remains protected. Extended producer
responsibility is the policy scaffold that closes the loop:
producers assume financial and operational responsibility for
EoL collection and treatment. Designing to EPR means
incorporating take-back logistics into pack geometry
stackable casings, forklift channels, and shock labels
provisioning for safe state-of-energy reduction via accessible
service connectors, and defining standardized, auditable
dismantling instructions so third-party handlers can comply
without guesswork. Figure 2 shows Life cycle of EV batteries
via repurposing and recycling presented by Yu, et al., 2022.

Battery manufacturing

Application
Recycling

Powder metallurgy

Repurposing

Application

Fig 2: Life cycle of EV batteries via repurposing and recycling (Yu, et al., 2022).

Material choices align with high-yield recovery and low-
hazard handling. Fasteners and busbars favor aluminum and
copper alloys separable through density or magnetic steps,
with  coatings that do not poison downstream
hydrometallurgy. Adhesives, if used, avoid persistent
halogens and heavy-metal catalysts; identifiers for adhesives
and sealants are included in BOM disclosure so recyclers can
select appropriate solvents or debonding profiles. Current
collectors and foils use thickness bands compatible with
established liberation sieves to reduce shredding energy and
improve black-mass purity (Abdulsalam, Farounbi &
Ibrahim, 2021, Essien, et al., 2021, Uddoh, et al., 2021).
Where separators include ceramic coatings, the composition
is recorded to anticipate ash in black mass and adjust leach
chemistries. Designers avoid mixing chemistries within a
pack whenever possible; when mixing is necessary, partitions
and labeling make it unambiguous for triage. Liquid cooling
circuits employ fluids with known decomposition and
disposal pathways, with quick-disconnects that can be capped
during depack to prevent spills.

Serviceability and second-life readiness are explicit
performance criteria. Module interfaces are keyed to prevent
misorientation; connectors are color-coded and shrouded to
reduce arcing risk; and BMS firmware supports authenticated
de-energization commands, enabling safe SoC reduction
before transport. Thermal runaway propagation resistance is
achieved with intumescent barriers and venting that direct
gases away from service points; these features reduce both
first-life hazards and EoL incident rates (Ajayi, 2022,

Bukhari, et al., 2022, Ogedengbe, et al., 2022, Rukh, Seyi-
Lande & Oziri, 2022). Modules expose test pads for
impedance and isolation checks without dismantling,
accelerating triage. Mechanical designs accept modest
oversizing to preserve access; the circular premium in OPEX
and reduced incident risk outweighs marginal mass.
Repairability KPIs time to module swap, tool count, and rate
of successful reseals become design gates alongside energy
density and cost.

The documentation set is as important as the hardware.
Alongside passports, manufacturers publish a recyclability
index with disassembly depth, recoverable material fractions,
and known hazards. Visual exploded diagrams, step counts,
and PPE requirements accompany torque tables and isolation
procedures. These are versioned and machine-readable so
recycling lines can render instructions on augmented-reality
headsets or program robotic disassembly routines. For
chemistry evolution, versioned passports flag electrolyte or
binder shifts so recovery plants can update leach, solvent, or
thermal profiles without trial-and-error (Adesanya, et al.,
2020, Seyi-Lande, Arowogbadamu & Oziri, 2020). When
warranty actions replace packs, reverse logistics booking
uses IDs to reserve compliant packaging, declare hazard
classes, and assign routing reuse triage station, second-life
integrator, or direct recycler before the unit leaves service,
compressing dwell time and reducing depots’ fire loads.
Figure 3 shows schematic overview of possible recycling
routes for lithium-ion batteries presented by Windisch-Kern,
etal., 2022.
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Fig 3: Schematic overview of possible recycling routes for lithium-ion batteries (Windisch-Kern, et al., 2022).

Design-for-circularity also considers economics and
incentives. Standardized module footprints and fastener
patterns allow refurbishers to carry fewer jigs; shared spare-
part pools cut inventory costs; and direct-recycling
candidates (e.g., LFP, certain NMC structures) are flagged in
passports with cathode pedigree so structure-preserving
routes can be selected. Producers link bonuses or penalties in
supplier contracts to recyclability metrics fewer adhesive
joints, higher disclosed content accuracy so circularity
propagates into the supply tier. Costed bills of disassembly
estimate labor and tool time, guiding prioritization of high-
yield parts. Producers pre-qualify downstream partners under
ISO 14001/45001 and data-security criteria, and contracts
include data-sharing and incident-reporting obligations to
keep feedback flowing into design revisions (Asata,
Nyangoma & Okolo, 2020, Essien, et al., 2020, Imediegwu
& Elebe, 2020).

Finally, governance binds design, data, and compliance into
a living system. A cross-functional circularity board includes
design engineering, safety, legal, sustainability, and reverse
logistics; it sets targets for example, >95% material
identification disclosure, <30-minute module swap time,
<1% transport incident rate and audits performance using
field data from collection and recycling partners. Continuous
improvement loops feed warranty returns and EoL teardown
learnings into next-generation designs, while change-control
processes ensure passport schemas and disassembly
instructions  stay  synchronized  with  production
(Akindemowo, et al., 2022, Dako, Okafor & Osuji, 2022,
Imediegwu & Elebe, 2022). Regulators and buyers can verify
claims through third-party certification of passport systems,
EPR performance, and 1SO management systems, creating
trust that design choices genuinely enable safe, economical,
and low-carbon end-of-life outcomes.

By embedding modularity, fastener-first assembly, explicit
chemistry labeling and BOM disclosure, persistent digital
identities via battery passports, and compliance with
transport, safety, environmental, occupational, and
information standards, the framework turns batteries from

high-performance consumables into durable assets with
planned exits. The result is a lifecycle in which packs are
easier to repair and repurpose, safer to move and open, and
more profitable to recycle, while the data to prove it travels
with the product. This is the practical foundation for scaling
circular supply in an electrified world (Abdulsalam, Farounbi
& Ibrahim, 2021, Asata, Nyangoma & Okolo, 2021, Uddoh,
et al., 2021).

2.2. Digital Backbone & Product Intelligence

A durable digital backbone is the linchpin that connects
battery hardware to safe, economical, and verifiable end-of-
life outcomes. It begins with a product data model that travels
with the asset from cell formation to final material
reintegration and captures the minimum sufficient truth to
guide decisions without exposing proprietary secrets. Each
unique battery object cell, module, pack, and key
subassemblies receives a persistent identifier resolvable to a
canonical record (Bukhari, et al., 2022, Eboseremen, et al.,
2022, Imediegwu & Elebe, 2022). That record holds
provenance elements such as manufacturer, plant, production
lot, and date codes; operational health elements including
state of charge (SoC), state of health (SoH), internal
resistance and impedance spectroscopy snapshots, cycle
count and depth-of-discharge histograms, temperature
exceedances, and calendar age; hazard indicators including
residual energy class, isolation status, thermal event flags,
and electrolyte/binder hazard codes; and chemistry
descriptors for cathode/anode materials, electrolyte
salt/solvent families, separator class, current collector alloys,
and casing composition. The model also reserves slots for
software lineage BMS firmware versions, fault logs, safety
interlock events and maintenance actions such as module
swaps, coolant changes, and prior repairs. Crucially, the
schema encodes uncertainty ranges and data quality flags so
that downstream actors understand whether SoH is a lab
measurement, a BMS estimate, or a model inference, and can
route or derate accordingly.

This persistent identity must be machine-readable at multiple
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distances and through enclosure surfaces. A layered tagging
approach combines QR codes for human-visible and camera-
readable access, NFC/RFID for non-line-of-sight reads on
modules and packs, and secure electronic identifiers within
the BMS. The ensemble enables triage stations to interrogate
assets without dismantling, logistics hubs to verify contents
while closed, and recyclers to retrieve disassembly
instructions, torque tables, and hazard notes in seconds
(Adesanya, Akinola & Oyeniyi, 2022, Bayeroju, Sanusi &
Sikhakhane, 2022, Bukhari, et al., 2022). To keep the model
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interoperable, the ontology maps to existing industrial
vocabularies component codes, chemistry taxonomies,
hazard classes and exposes a stable API. Rather than
attempting to centralize every byte of telemetry, the backbone
stores hashed summaries and pointers to high-resolution logs
maintained by OEMs, allowing selective disclosure under
policy and contractual controls. Figure 4 shows material life
cycle of a lithium-ion battery cell presented by Hanisch, et
al., 2015.
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Fig 4: Material life cycle of a lithium-ion battery cell (Hanisch, et al., 2015).

Above the data model sit a cloud ledger and fleet-scale digital
twins that together provide product intelligence. The ledger
is not a cryptocurrency but a tamper-evident registry of
custody, condition, and compliance events: manufacturing
release; commissioning; firmware updates; service visits;
incident reports; SoH attestations; transport bookings and
handoffs; intake triage; depowering verification; and material
balance statements through disassembly and recovery. Each
event is time-stamped, signed by the actor, and linked to
evidentiary artifacts such as calibration certificates, photos,
and sensor packets (Ajayi, et al., 2018, Bukhari, et al., 2018,
Essien, et al., 2019). This immutable audit trail underwrites
claims for extended producer responsibility performance,
recycled-content accounting, and low-carbon fuel or
materials credits, because every quantity reported can be
traced back to a specific measurement at a specific point in
the chain.

The fleet digital twin ingests this ledger and
public/operational data to forecast volumes, chemistries, and
aging behavior. For volumes, it blends new sales,
replacement rates, warranty curves, and asset tracking to
estimate spatially resolved end-of-life arrivals at quarterly to
monthly cadence, flagging peaks that may overwhelm depots
or processing lines. For chemistries, it parses passport
metadata and market intelligence to project the evolving mix
of LFP, NMC variants, NCA, graphite-silicon blends,
binders, and electrolyte systems, which in turn determines the
optimal allocation among second-life, hydrometallurgy,
pyrometallurgy, and direct-recycling routes (Akinrinoye, et
al. 2020, Essien, et al., 2020, Imediegwu & Elebe, 2020). For
aging, the twin learns degradation trajectories from

anonymized SoH/usage histories, environmental exposure,
and duty cycles, producing probability distributions for
residual capacity and impedance at retirement. These
forecasts are not merely reports; they drive operational
planning staffing at intake facilities, packaging procurement,
reagent inventory for leach circuits, and contracting for
offtake of recovered salts, graphite, copper, and aluminum.
Security and privacy are foundational. OEMSs, recyclers,
logistics providers, and regulators require different views of
the same truth. Role-based access control restricts sensitive
fields such as detailed cell balancing logs or proprietary
chemistry parameters to permitted parties, while still
exposing enough metadata for safe handling. Data are
encrypted at rest and in transit, and all APl calls are
authenticated and rate-limited. The system supports
differential privacy or secure multiparty computation for
analytics that require population-level insight without
revealing individual device details; for example, a recycler
can obtain aggregate forecasts of incoming LFP vs NMC
modules by region without learning any one OEM’s exact
market share. To counter tampering or spoofing, devices sign
telemetry with hardware roots of trust; BMS firmware uses
secure boot and attestation; and the ledger validates time
synchronization and author identity before accepting events
(Ajayi, et al., 2019, Bukhari, et al., 2019, Oguntegbe,
Farounbi & Okafor, 2019).

Interoperability is engineered, not wished for. The backbone
exposes open, versioned schemas and test suites so
participants can validate conformance. Edge gateways at
depots and plants bridge industrial protocols (e.g., CAN,
Modbus, proprietary BMS buses) to the cloud API,
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normalizing units, timestamps, and calibration metadata.
When no live connectivity exists remote wind sites, maritime
shipments gateways cache events and synchronize upon
reconnection with conflict-resolution logic. To accommodate
the reality of legacy packs without passports, the system
supports “derived identity”: barcoded intake IDs tied to
visual classification, X-ray or CT scans, and quick impedance
spectroscopy results that approximate the minimum viable
record and can be upgraded if the pack is later interrogated at
deeper levels (Asata, Nyangoma & Okolo, 2021, Bukhari, et
al., 2021, Osuji, Okafor & Dako, 2021).

Measurement, reporting, and verification (MRV) are
embedded into the workflow rather than bolted on at the end.
Every mass flow intake weight, depowered SoC
confirmation, module and cell counts, black mass mass,
leachate volumes, recovered metal salts, graphite, foil scrap
is measured with calibrated instruments whose certificates
and drift checks are stored in the ledger. Energy and reagent
usage at unit operations shredding, depack, leach, SX/IX,
precipitation, electrowinning, calcination are recorded by
metered utilities and dosing systems (Ajayi, et al., 2021,
Bukhari, et al., 2021, Elebe & Imediegwu, 2021, Sanusi,
Bayeroju & Nwokediegwu, 2021). The MRV engine converts
these raw measurements into standardized metrics: capture
rate of available EoL assets in a region, recovery yield by
element and product line, product purity against battery-
grade specs, carbon intensity per kilogram recovered,
levelized processing cost, and incident rate per thousand
handled units. Because these metrics ride on the same audit
trail, regulators and auditors can trace anomalies back to their
sources and spot-check the underlying data without halting
operations.

Product intelligence also powers safer work. Before a
shipment leaves a dealership or decommissioning site, the
booking system interrogates passports to assign the correct
UN 38.3 packaging class, required depowering steps,
isolation checks, and transport placards. At intake, handheld
readers query IDs to display hazard summaries and step-by-
step disconnection procedures, reducing human error. If a
module flags a thermal event in its history, the twin raises its
risk priority, routes it to a fire-resistant quarantine bay, and
initiates additional diagnostics before any depack. As units
progress through the plant, the backbone coordinates work
orders and confirms that prerequisite safety verifications
voltage at terminals, coolant drained, vent caps installed are
complete before unlocking a station (Bukhari, et al., 2022,
Dako, Okafor & Osuji, 2021, Eboseremen, et al., 2022).
Governance is continuous. A cross-party data council with
OEMs, recyclers, logistics providers, and regulators oversees
schema evolution, access policies, and dispute resolution.
When a new electrolyte or binder family enters the market,
the council adds fields and update rules so downstream plants
can adjust leach or solvent systems in time. When an incident
occurs say, a swelling module during transport the root-cause
report, corrective actions, and procedural changes are logged
and propagated to all nodes that might encounter similar
assets. Compliance dashboards show EPR performance, UN
38.3 incident statistics, and 1SO management system KPIs,
with drill-downs to facility level and anonymized cross-
industry  benchmarks that encourage  continuous
improvement (Ajayi, et al., 2019, Bayeroju, et al., 2019,
Sanusi, et al., 2019).

Economics benefit directly from the backbone. Forward
visibility into volumes and chemistries supports capacity
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planning and investment timing; verified purity and
provenance unlock better prices for recovered products; and
auditable carbon intensity and recycled-content claims
qualify materials for green-premium buyers. Contracts can
reference ledger-derived KPIs capture rate, yield, incident
rate with incentives and penalties that align behavior.
Sustainability-linked financing leverages the MRV stream to
adjust debt margins automatically as performance improves
(Ajayi, et al., 2022, Arowogbadamu, Oziri & Seyi-Lande,
2022, Bukhari, et al., 2022).

In practice, the digital backbone and product intelligence turn
a fragmented, risk-prone end-of-life ecosystem into a
synchronized, auditable, and adaptive network. Provenance,
SoH/SoC, cycles, hazards, and chemistry travel with the
asset; cloud ledgers and digital twins forecast and optimize
flows; and secure, role-appropriate data exchange provides
the transparency required for safety, regulatory trust, and
market confidence. The result is not just better information
technology it is a measurable increase in capture, yield, and
purity; a documented reduction in carbon intensity and cost;
and a demonstrably lower incident rate across the lifecycle of
lithium-ion batteries (Adesanya, Akinola & Oyeniyi, 2021,
Bukhari, et al., 2021, Farounbi, et al., 2021, Uddoh, et al.,
2021).

2.3. Collection & Reverse Logistics

An effective collection and reverse logistics program begins
by clarifying roles and interfaces so that every spent pack or
module travels from field to treatment with clear ownership,
known hazards, and preserved value. Original equipment
manufacturers operate take-back schemes that set technical
standards, documentation requirements, and economic terms;
dealers act as the first physical consolidation point for
consumer returns and warranty swaps; fleets coordinate bulk
retirements from buses, ride-hailing vehicles, and last-mile
delivery vans; municipalities handle consumer electronics
and micromobility returns through civic depots and e-waste
days; and certified recyclers receive, depower if necessary,
disassemble, and process materials under auditable permits
(Asata, Nyangoma & Okolo, 2020, Essien, et al., 2020, Elebe
& Imediegwu, 2020). These actors are bound together by
common booking, identification, and chain-of-custody
protocols so that capture rate improves, mishandling risk
declines, and transport costs are shared across predictable
lanes rather than improvised case by case.

Safe de-energizing is the first operational gate. Before any
pack leaves service, the battery management system is
interrogated to confirm state of charge, isolation resistance,
and error codes. Where the BMS supports authenticated
commands, the unit is driven to a prescribed low SoC setpoint
using on-board discharge resistors or external load banks
with current and temperature limits and ground-fault
monitoring. If software de-energization is unavailable,
trained technicians perform physical isolation pulling service
plugs, opening pyrofuses only under controlled conditions,
and plugging shrouded connectors all with PPE and insulated
tools. Evidence of residual energy class and isolation checks
is recorded as a pre-transport declaration to inform packaging
and routing (Asata, Nyangoma & Okolo, 2020, Essien, et al.,
2019, Elebe & Imediegwu, 2020). Fire risk is controlled by
staging areas with non-combustible surfaces, thermal
cameras, and clear aisleways; suspect units are quarantined
in ventilated, fire-resistant containers pending further
diagnostics.
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Packaging follows ADR/DoT rules for dangerous goods,
with the classification determined by chemistry, form factor,
and residual energy. Intact packs that satisfy transport tests
and verified low SoC travel in UN-certified crates or steel
containers with internal bracing, short-circuit protection, and
shock indicators; damaged, defective, or recalled units
require special provisions, including absorbent media,
thermal insulation, and segregation (Ayodeji, et al., 2022,
Bukhari, et al., 2022, Oziri, Arowogbadamu & Seyi-Lande,
2022). Modules and cells are separated by non-conductive
spacers, terminals are capped, and coolant lines are capped or
drained to prevent leaks. Each package carries hazard labels,
orientation arrows, and emergency contact information, and
is sealed with uniquely numbered tamper-evident devices.
The seal IDs, together with photos and weight tickets, are
added to the digital consignment record so that any opening
event is traceable.

Chain-of-custody is implemented as a series of signed
transfer events with tamper evidence at each step. When a
dealer hands a crate to a licensed carrier, both parties sign a
digital handoff that records time, GPS location, seal numbers,
SoC declaration, and visible condition. At arrival, the
receiving party scans seals, notes discrepancies, and accepts
or rejects with reasons. If a seal differs or a crate shows
swelling, heat, or leakage, the shipment routes to a quarantine
bay and triggers an incident workflow (Ayodeji, et al., 2021,
Bukhari, et al., 2021, Elebe & Imediegwu, 2021). This
discipline deters mixing of chemistries, prevents substitution
fraud, and supports producer responsibility reporting. For
municipal depots that receive heterogeneous consumer
batteries, rapid triage visual 1D, handheld impedance checks,
and scanning for digital IDs creates a minimal viable record
for safe interim storage and subsequent sorting at a regional
facility.

Route design aims to compress dwell time and miles traveled
while respecting safety and regulatory constraints. A booking
platform pools pickup requests from dealers, fleet depots,
municipal sites, and service centers, and generates hazmat-
compliant vehicle routes with time windows, weight and
volume constraints, and exclusion zones (tunnels, ferries,
densely populated streets when prohibited) (Adesanya,
Akinola & Oyeniyi, 2021, Dako, et al., 2021, Essien, et al.,
2021, Uddoh, et al., 2021). Algorithms prioritize backhauls
that return carriers toward certified consolidation hubs,
cluster pickups to maximize payload utilization, and schedule
overnight staging only at sites with fire-suppression
infrastructure. Seasonal patterns model launches, fleet
contract ends are encoded so capacity scales ahead of surges.
Weather and temperature alerts adjust routing to avoid heat
waves that could elevate risk in marginal units; drivers
receive dynamic re-routes if incidents or road closures occur.
Consolidation hubs are the economic fulcrum of reverse
logistics. Strategically placed near dealer clusters and
municipal transfer stations, they offer covered, ventilated
storage with fire partitions, automatic detection and
suppression systems, and segregated lanes for intact, suspect,
and damaged goods. Hubs verify chain-of-custody, perform
secondary de-energization if required, repackage to standard
modules for line-haul, and assemble mixed shipments by
chemistry and form factor so that downstream recyclers
receive uniform lots. Hubs also host quick-diagnostic stations
BMS interrogation, insulation testing, thermal imaging so
that second-life candidates are diverted early, and they
maintain inventories of compliant packaging to eliminate ad-
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hoc solutions at the origin (Asata, Nyangoma & Okolo, 2022,
Bayeroju, Sanusi & Nwokediegwu, 2021).

Insurance and liability allocation are codified end to end.
OEMs hold extended producer responsibility and
environmental impairment policies; carriers maintain hazmat
and cargo liability; dealers and municipal depots are covered
for premises and temporary storage; recyclers carry
operational and pollution legal liability. Contracts specify
bailment terms, indemnities for misdeclared SoC or
chemistry, and limits of liability. Every shipment includes a
statement of contents and hazard class signed by the
consignor; carriers are protected if a consignor’s
misdeclaration causes incident costs, while consignors are
protected if carriers break seals without authorization
(Arowogbadamu, Oziri & Seyi-Lande, 2021, Essien, et al.,
2021, Umar, et al., 2021). Incident response plans contact
trees, firefighting strategy for lithium-ion, salvage and
cleanup vendors are rehearsed and linked to insurance
notification requirements so claims are not jeopardized by
procedural gaps.

Economics are tuned with incentives that align behavior.
Take-back fees and deposits encourage timely returns;
dealers receive handling stipends that are higher for properly
de-energized, correctly packaged units and lower for non-
compliant ones that slow the chain. Fleets negotiate bulk rates
indexed to geography, pack count, and condition, with
bonuses for accurate advance manifests. Municipal programs
benefit from manufacturer-funded collection days where
compliant packaging and trained staff are provided on site,
raising capture rates among households. Certified recyclers
publish acceptance schedules and pricing by chemistry and
condition, while long-term offtake contracts reduce volatility
and enable carriers to design stable lanes that keep costs low
(Abdulsalam, Farounbi & Ibrahim, 2021, Essien, et al.,
2021).

Safety culture is reinforced at every node with training,
tooling, and drills. Staff who handle spent packs complete
competency modules on hazard recognition, PPE, insulated
tool use, and emergency procedures; drivers receive hazmat
training with specific content on battery fires and quarantine
actions. Facilities maintain spill kits, Class D agents or water-
based suppression as prescribed by local guidance, thermal
blankets, and remote thermography for monitoring
quarantined items. Permits cover storage limits by chemistry
and state of charge, with clear signage and separation
distances. Routine audits verify adherence to procedures;
near-misses are logged in the shared digital backbone so
patterns are detected and corrected before accidents recur
(AdeniyiAjonbadi, et al., 2015, Didi, Abass & Balogun,
2019, Umoren, et al., 2019).

Data ties all of this together. The booking and ledger system
described in the digital backbone supplies manifests, tracks
seal integrity, logs temperatures and SoC at handoffs, and
reconciles weights through to recycler intake. Dashboards
report capture rate relative to estimated retirements, average
dwell time at each node, incident rate per thousand handled
units, packaging non-compliance, and rejected-shipment
causes. These metrics feed continuous improvement: if a
route shows repeated non-compliance, training and
packaging kits are dispatched; if a hub exhibits longer dwell
times, staffing or layout is adjusted; if a shipper’s
declarations are unreliable, contracts are renegotiated with
corrective action plans (Abass, Balogun & Didi, 2022, Evans-
Uzosike, et al., 2022, Uddoh, et al., 2022).
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Scalability comes from standardization and modularity.
Packaging SKUs are minimized and standardized across
OEMs; label formats and digital IDs are common; hub
layouts use repeatable fire-cell geometry and material-
handling equipment; and line-haul contracts are bid for multi-
OEM, multi-municipality volumes to reduce deadhead miles.
As chemistries evolve, the same infrastructure adapts:
passports and manifest schemas add fields for new electrolyte
or binder families, routing rules update to reflect revised
hazard profiles, and acceptance criteria at recyclers are
broadcast in advance so shipments do not stall at gates
(Lawal, et al., 2023, Oguntegbe, Farounbi & Okafor, 2023,
Uddoh, et al., 2023).

When well executed, collection and reverse logistics cease to
be a compliance burden and become an enabler of circular
scale. Roles are clear, de-energizing is disciplined, packaging
and custody are tamper-evident, routes are optimized, hubs
consolidate safely, and liabilities are transparent and
insurable. The result is higher capture at lower incident rates
and cost per kilogram, uniform inbound lots that raise
recovery yield and purity, and auditable pathways that meet
regulatory and ESG expectations. In concert with design-for-
circularity, digital passports, and advanced recovery trains,
this logistics backbone is what turns end-of-life batteries
from a dispersed hazard into a reliable feedstock for a circular
materials economy (Ojonugwa, et al., 2021, Olinmah, et al.,
2021, Umoren, et al., 2021).

2.4. Triage, Diagnostics & Second-Life Allocation

Triage begins the moment a spent lithium-ion battery arrives
at an intake bay and aims to transform an unknown,
potentially hazardous object into a characterized asset with a
safe, value-maximizing destination. The first actions confirm
basic safety and establish a traceable identity. Visual
inspection looks for swelling, venting residue, coolant leaks,
crushed corners, or missing fasteners. A handheld reader
interrogates the embedded digital 1D to retrieve make, model,
chemistry, configuration, recent fault codes, and service
history (Ajonbadi, Mojeed-Sanni & Otokiti, 2015, Evans-
Uzosike & Okatta, 2019, Oguntegbe, Farounbi & Okafor,
2019). In parallel, isolation checks verify that the high-
voltage bus is not bridged to chassis ground; insulation
resistance is measured at controlled test voltages, and results
are logged against ambient temperature and humidity to
avoid false positives. State of charge is read from the BMS
and independently validated by open-circuit voltage and
coulomb counting during a controlled low-rate discharge.
Units that exhibit mechanical compromise, electrolyte odor,
or sub-threshold insulation proceed directly to quarantine and
then to safe de-energizing and recycling; intact units advance
to rapid diagnostics.

Rapid state-of-health testing compresses a multi-hour
laboratory protocol into a minutes-to-hours workflow
suitable for high-volume depots. The core is a standardized
electrical stimulus paired with models trained on fleet data.
DC internal resistance is measured via pulse power tests to
estimate  ohmic and charge-transfer  contributions;
electrochemical impedance spectroscopy at a sparse set of
frequencies further probes diffusion and interfacial processes
indicative of lithium plating, SEI thickening, or binder
degradation. For time-constrained flows, a hybrid method
uses brief current pulses and a learned mapping to emulate
multi-frequency signatures. OCV relaxation curves after a
small step in SoC estimate diffusion time constants and reveal
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trapped capacity (Akinbola, et al., 2020, Balogun, Abass &
Didi, 2020). Thermal imaging during these stimuli highlights
local hotspots that betray poor interconnects, nonuniform
aging, or latent defects; modules showing asymmetric
heating beyond a defined delta are flagged for deeper
analysis. The BMS s interrogated over CAN or other
interfaces to fetch cell-level voltages, temperature spreads,
historical maximums, and error counters; discrepancies
between BMS-reported metrics and external measurements
trigger a validation path to detect sensor drift or spoofed data.
All measurements stream to the digital backbone with time
stamps, instrument IDs, calibration certificates, and
uncertainty bounds so later decisions remain auditable.

With a safety baseline and health estimates in hand, a
decision tree assigns each unit to one of three destinations:
repair or remanufacture for return to service in similar
applications, repurposing into stationary second-life systems,
or material recycling. The first branch repair/remanufacture
requires that mechanical integrity, insulation, and thermal
behavior meet thresholds and that most cells fall within tight
dispersion bands for capacity and resistance. Packs in this
category typically show a limited number of outlier cells or
modules. Technicians perform controlled depowering, open
enclosures per documented torque maps, replace failed
modules or electronics, update firmware, and reseal
enclosures using approved gaskets and leak tests
(Akinrinoye, et al., 2020, Farounbi, Ibrahim & Abdulsalam,
2020). Balance charging and functional tests verify that the
pack meets defined performance and safety criteria.
Remanufactured packs are recertified with a fresh warranty
tied to demonstrated capacity, cycle life expectations, and
calendar aging models; the warranty construct references
duty conditions comparable to the original service and
includes explicit exclusions for abuse temperatures or charge
rates beyond design intent. This path preserves the highest
value when the asset can operate safely and efficiently in its
native environment.

The second branch stationary second life captures value when
automotive-grade duty cycles are no longer efficient but
substantial usable capacity remains. Allocation begins with
duty-cycle matching. The diagnostics suite generates a
residual capacity estimate, power capability curves
(continuous and peak) as a function of SoC and temperature,
and an expected degradation trajectory under candidate
stationary profiles. Profiles include behind-the-meter peak
shaving, PV self-consumption, wind ramp-rate smoothing,
telecom backup, microgrid resilience, and frequency
containment (Ajonbadi, Otokiti & Adebayo, 2016, Didi,
Abass & Balogun, 2019). Each profile imposes distinct
average SoC, depth-of-discharge, C-rate, and temperature
envelopes; the allocation engine selects roles that keep the
pack within benign regimes that extend remaining useful life
while delivering economic value. Packs with pronounced cell
dispersion or reduced power but decent capacity may be
assigned to low-C, shallow-cycling applications; packs with
strong power response and moderate capacity serve
frequency response. Safety interlocks are mandatory for
second-life conversion: contactors, pre-charge circuits, pyro-
fuses, and HVIL loops are inspected and, if necessary,
replaced; enclosures gain additional thermal barriers or
ventilation; and the BMS is reflashed or augmented with a
supervisory controller that enforces conservative limits and
logs tamper-evident events. Integration testing verifies
isolation, fault tolerance, and thermal management in the new
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enclosure and rack geometry. The project’s warranty
construct balances risk and revenue: warranties are framed
around warranted energy throughput or years of service,
minimum capacity at end-of-term, maximum incident rate,
and remote monitoring obligations; exclusions cover ambient
extremes, nonconforming power electronics, and
maintenance lapses. Insurance underwriters rely on these
controls and the triage data trail to price product and
operational liability (Balogun, Abass & Didi, 2019, Otokiti,
2018, Oguntegbe, Farounbi & Okafor, 2019).

The third branch recycling is not failure but optimization.
Units with significant mechanical damage, pervasive cell
swelling, elevated self-discharge, low insulation resistance,
or diagnostic signatures consistent with lithium plating or
internal dendrites are routed to depowering and controlled
disassembly. Modules that narrowly miss second-life
thresholds due to high dispersion or degraded power
capability but possess recoverable cathode value may go
directly to shredding and hydrometallurgy or to direct-
recycling lines where cathode structure can be preserved. The
triage record attaches chemistry, hazard class, and cooling
fluid specifics so downstream plants can select appropriate
debindering, leach, or thermal pretreatment without
exploratory testing (Ojonugwa, et al., 2021, Seyi-Lande,
Arowogbadamu & Oziri, 2021, Otokiti, et al., 2021).
Throughout triage, safety is a continuous thread. Technicians
work in bays with noncombustible floors, thermal cameras,
and local exhaust; packs are moved with insulated lifting
fixtures; and emergency response Kits include water-based
suppression or other agents per local doctrine, thermal
blankets, and remote thermography. Every diagnostic step
has built-in safety interlocks: current pulses are inhibited if
insulation falls below threshold; thermal imaging gates power
tests if baseline hotspots exceed limits; enclosures cannot be
opened until residual energy is verified below setpoints and
coolant is drained (Ajayi, et al., 2022, Balogun, Abass &
Didi, 2022, Umoren, et al., 2022). Tools are torque-limited
and insulated, and a permit-to-work system coordinates
electrical, mechanical, and confined-space risks. Near-misses
and anomalies are logged into the shared ledger so patterns
such as recurring connector failures for a given model trigger
design or process changes upstream.

The economics of triage and allocation benefit from
structured binning that converts continuous measurements
into actionable classes. Cells and modules are graded into
A/B/IC bins based on capacity retention, resistance,
dispersion, leakage, and thermal symmetry. A-grade
components feed remanufacture, B-grade stock second-life
assemblies, and C-grade go to recycling. Binning thresholds
are periodically recalibrated against realized field
performance using Bayesian updating, narrowing uncertainty
and reducing both under- and over-utilization of remaining
life (Ajonbadi, et al., 2014, Didi, Balogun & Abass, 2019,
Farounbi, et al., 2019). The system tracks yields at each node
percent of intake going to each branch, rework rates, incident
rates, and turnaround time and benchmarks across facilities
to drive best-practice propagation. Contractual incentives
align behavior: depots earn higher fees for accurate SoH pre-
screens and compliant packaging; integrators pay premiums
for well-characterized modules; recyclers offer better terms
for uniform lots with complete digital records.

Triage also respects data integrity and privacy. BMS
interrogation and diagnostic logs are signed and stored with
role-based access; personal data (e.g., geolocation from fleet
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logs) are stripped or anonymized before analysis; and all
devices that interface with packs use authenticated protocols
to prevent malicious firmware uploads or spoofed SoH
claims. When a pack transitions to second life, its identity
persists with a new ownership record, warranty terms, and
monitoring endpoints; when it goes to recycling, the identity
closes with material balance statements so recycled-content
and carbon-intensity claims tie back to a specific asset history
(Adesanya, et al., 2022, Balogun, Abass & Didi, 2022,
Umoren, et al., 2022).

Duty-cycle matching does not end at allocation; it continues
in operation. Second-life systems are commissioned with
conservative setpoints derived from the triage model, then
gradually optimized as real performance confirms margins.
Energy management systems enforce temperature and SoC
windows; cell balancing routines are tuned to dispersion; and
predictive maintenance models trained on intake diagnostics
and early operation forecast the next service window,
minimizing unexpected outages. If field data show
accelerated degradation relative to predictions, units can be
derated, reassigned to gentler duties, or recalled to recycling
before safety or economics deteriorate (Akinrinoye, et al.
2020, Balogun, Abass & Didi, 2020, Oguntegbe, Farounbi &
Okafor, 2020).

In practice, a disciplined triage, diagnostics, and second-life
allocation program converts uncertainty into optionality.
Rapid SoH testing, insulation resistance checks, thermal
imaging, and BMS interrogation deliver a high-fidelity
snapshot of condition without invasive disassembly. A
transparent decision tree routes assets to the highest-value,
lowest-risk path repair/remanufacture when feasible,
stationary second life when beneficial, recycling when
prudent. Warranty constructs and safety interlocks provide
the governance that makes these choices bankable and
insurable. The result is higher capture of residual value, lower
incident rates, and a documented, auditable flow of materials
and assets through a circular battery economy.

2.5. Disassembly, Hazard Management & HSE
Disassembly, hazard management, and HSE are the point
where circular ambitions meet the realities of high energy
density, reactive chemistries, and complex assemblies. The
workflow begins with depowering, proceeds through depack
and cell opening, and culminates in electrolyte containment,
solvent recovery, and compliant waste routing each step
governed by engineering controls and protective systems that
keep people and the environment safe while maintaining
material value. Depowering verifies and reduces residual
energy before mechanical work. Using authenticated BMS
commands or controlled external loads with ground-fault
monitoring, packs are driven to a prescribed low state of
charge, then isolated with contactor opens, service
disconnects, and shrouded connectors (Evans-Uzosike, et al.,
2021, Uddoh, et al., 2021). Verification is double-entry: the
BMS report is checked against open-circuit voltage and a
brief, instrumented discharge. Thermal imaging establishes a
baseline and screens for hotspots that would contraindicate
further handling. Only after residual energy, isolation
resistance, and coolant drain status meet sign-off criteria does
the job card unlock depack.

Depack occurs in ventilated bays with non-combustible
floors, antistatic surfaces, and overhead fume capture.
Fasteners are preferred over adhesive joints; where adhesives
exist, low-temperature debonding or solvent softening
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profiles from the battery passport guide tool choice and dwell
time. Harnesses, busbars, and cooling plates are sequentially
removed using insulated, torque-limited tools, with
lockout/tagout preventing inadvertent energization. Modules
are separated with polarity orientation controls and placed in
fire-resistant carts; damaged or swollen units are diverted to
a quarantine corridor with remote thermography.
Throughout, foreign object control prevents conductive
debris from accumulating in enclosures (Seyi-Lande, Oziri &
Arowogbadamu, 2018).

Cell opening ranges from precision manual access in
gloveboxes to automated shredding under inert gas,
depending on chemistry, condition, and downstream route.
Where direct-recycling or high-purity sampling is planned,
pouch and cylindrical cells are opened in nitrogen-purged
gloveboxes to minimize electrolyte volatilization and
hydrolysis. For flow-through liberation of black mass,
cryogenic or room-temperature shredders operate in nitrogen
or CO: blanketed housings with oxygen monitors that
interlock feeds if O: rises above safe setpoints. Downstream
sieving and density separation are enclosed and exhausted to
treatment. In all cases, cutting strategies avoid creating
ignition sources near residual energy; blade selection, feed
rates, and tool materials are specified to limit sparking
(Akinbola & Otokiti, 2012, Dako, et al., 2019, Oziri, Seyi-
Lande & Arowogbadamu, 2019).

Electrolyte containment is critical because common salts and
solvents e.g., LiPFs in mixtures of ethylene carbonate,
dimethyl carbonate, diethyl carbonate, or ethyl methyl
carbonate are volatile and can hydrolyze to HF and POF; in
the presence of moisture. Local capture uses slot hoods or
glovebox exhausts equipped with multi-stage abatement: a
prefilter for particulates, an activated carbon stage for solvent
VOCs, and an alkaline wet scrubber (typically KOH or
NaOH) for acid gases including HF. Demisters and pH
controllers maintain scrubber efficacy; conductivity and
fluoride ion monitors provide early warning of breakthrough
(Akinrinoye, et al. 2019, Didi, Abass & Balogun, 2019,
Otokiti & Akorede, 2018). Spills are absorbed with
compatible inert media and transferred to sealed drums; water
is used judiciously because it can accelerate salt hydrolysis
neutralization is performed in controlled vessels with caustic
dosing and off-gas capture. Recovered solvent mixtures are
fractionated in vacuum distillation to reclaim usable
carbonate streams for internal reuse or sale, with overheads
condensed in explosion-proof systems and bottoms routed to
hazardous waste treatment. Black-mass handling balances
vapor control and dryness; mild vacuum ovens with solvent
recovery desorb electrolyte without driving thermal
decomposition, and condensates return to the solvent
recovery loop.

Engineering controls provide layered protection. Inerting
reduces oxygen concentration in shredders, mills, and
gloveboxes to below limiting oxygen concentration, verified
by redundant O: analyzers with hardwired trips. HF
scrubbing capability is sized for worst-case events (e.g., rapid
hydrolysis of a large electrolyte charge), and point sensors for
HF and VOCs alarm in both ppm-range and time-weighted
averages. Fire suppression strategies reflect lithium-ion
behavior: automatic sprinklers or deluge provide bulk cooling
and fire knockdown; fixed monitors can deliver sustained
flows to prevent re-ignition; and runoff containment captures
contaminated water for treatment (Abass, Balogun & Didi,
2020, Didi, Abass & Balogun, 2020, Oshomegie, Farounbi &
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Ibrahim, 2020). Water-mist or clean-agent systems may
protect electrical rooms; battery processing bays rely on
water for thermal runway suppression unless a competent
authority prescribes otherwise. Off-gas treatment integrates
capture at each enclosure with a central manifold to
abatement, ensuring negative pressure throughout battery
handling areas; fans and ducts are ATEX/Class | Div 2
compliant, with spark-resistant construction and isolation
dampers. Pressure relief panels on enclosed equipment direct
deflagration safely; continuous LEL monitors interlock
motors and heaters.

Worker protection is non-negotiable and codified in a task-
based PPE matrix. Electrical work at pack and module level
uses arc-rated, antistatic garments; Class 0/00 gloves with
leather protectors; faceshields; and insulated tools. Chemical
handling demands splash protection, chemical-resistant
gloves selected against carbonate solvents (e.g., butyl or
laminated films), and chemical goggles; HF contingencies
add calcium gluconate availability and training. Respiratory
protection follows industrial hygiene surveys: half-mask or
full-face respirators with P100 + acid-gas cartridges for
routine tasks where engineering controls keep airborne
concentrations below short-term exposure limits; supplied-
air or SCBA for emergency response (Akinola, et al., 2020,
Akinrinoye, et al. 2020, Balogun, Abass & Didi, 2020). Fit-
testing, medical clearance, and cartridge change-out plans are
documented. Ergonomics and material handling reduce
musculoskeletal risk: vacuum lifts, tilting fixtures, and
conveyorized workstations minimize manual lifts of heavy
modules and cases. Training covers hazard recognition,
lockout/tagout, hot-work permits, confined-space entry for
large enclosures, spill response, and fire watch; drills practice
thermal event response, evacuation, and incident command
handover.

Environmental permits align with the facility’s footprint. Air
permits cover VOC emissions from solvent handling and
metal-bearing particulate from liberation and screening, with
enforceable control efficiencies for carbon beds and
scrubbers  and ~ monitoring/reporting  requirements.
Wastewater permits address pH, COD, fluoride, metals, and
surfactants in any treated effluents; stormwater pollution
prevention plans ensure outdoor storage is under cover with
secondary containment and spill controls (Evans-Uzosike, et
al., 2021, Okafor, et al.,, 2021, Uddoh, et al., 2021).
Hazardous waste generator status dictates accumulation time
limits and inspections; satellite accumulation points are
labeled, closed except when adding waste, and within
operator control. Storage of spent batteries and black mass
respects maximum quantities, segregation by chemistry/state,
and fire code distances. Community right-to-know and
emergency planning thresholds for solvents and caustics
trigger notifications and coordination with responders.
Waste classification and documentation make the material
flow auditable. Spent electrolyte, solvent-laden wipes, PPE,
and carbon/scrubber liquors are classified as hazardous due
to ignitability and/or toxicity; black mass can be managed as
a recyclable material with specifications that control
halogens, moisture, and particle size; metal foils and casings
are recyclable scrap with contamination limits. Each
movement is accompanied by a manifest or electronic
tracking record, including generator ID, waste codes or
commodity specs, weight, container type, hazard class, and
emergency contacts (Seyi-Lande, Oziri & Arowogbadamu,
2019). Acceptance at downstream facilities requires prior
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approval and profile data; discrepancies and rejections are
resolved through documented corrective actions. Mass
balance closes at the facility and campaign level: inbound
pack weight equals outbound fractions (black mass, foils,
plastics, electrolytes, emissions and treated water) plus
inventory change, with variances investigated and resolved.

Process safety formalizes the above into engineered
assurance. Hazard identification (HAZID), HAZOP, and
layers-of-protection analysis (LOPA) define initiating events
loss of inerting, unexpected energized components, blocked
vents and allocate safeguards such as independent O: trips,
dual-channel interlocks on cutters, permissives tied to
verified depowering, and emergency stop systems tested on
schedule. Safety instrumented systems have proof-test
intervals and documented partial-stroke tests; management of
change governs alterations in chemistry (new electrolyte
solvents), equipment (shredder knives), or procedures.
Incident learning is systemic: near-misses, small spills, and
nuisance alarms are logged, trended, and analyzed; corrective
actions are tracked to closure; and lessons are shared with
suppliers and peers through the digital backbone (Didi, Abass
& Balogun, 2021, Evans-Uzosike, et al., 2021, Umoren, et
al., 2021).

Finally, community and transparency considerations elevate
the program’s legitimacy. Odor controls on solvent tanks,
off-site transportation plans, and published performance
indicators (incident rate, VOC/HF emissions, waste
diversion, energy use per tonne) build trust. Visitor protocols,
escorted audits, and open days with responders demystify
operations and reinforce readiness.

In a mature framework, depowering, depack, and cell
opening proceed only when interlocks confirm safe states;
electrolyte never escapes capture and recovery; inerting, HF
scrubbing, fire suppression, and off-gas treatment run quietly
in the background as standard practice; workers execute
skilled tasks with proper protection and confidence; and
every gram of waste is correctly classified, documented, and
routed. The payoff is twofold: materially higher recovery
yield and purity because operations are stable and controlled,
and measurably lower risk and environmental footprint
because hazards are engineered out or tightly managed. This
is how disassembly and HSE transform spent batteries from
a hazard line item into a disciplined, value-preserving
gateway for circular materials (Abass, Balogun & Didi, 2019,
Ogunsola, Oshomegie & Ibrahim, 2019, Seyi-Lande,
Arowogbadamu & Oziri, 2018).

2.6. Materials Recovery & Quality Assurance

Materials recovery turns depowered, disassembled lithium-
ion batteries into high-purity intermediates that can re-enter
cell manufacturing at scale, and quality assurance ensures
those intermediates meet battery-grade specifications
consistently and safely. The sequence begins with
mechanical liberation to produce black mass while separately
recovering metallic foils and casings. Pre-dried modules and
cells are shredded or milled under inert gas to avoid ignition
and minimize electrolyte hydrolysis; controlled cutting
profiles and staged size reduction protect particle
morphology and limit excessive fines (Akinrinoye, et al.,
2021, Didi, Abass & Balogun, 2021, Umoren, et al., 2021).
The resultant mixture passes through sieving cascades that
establish  narrow particle-size  fractions, improving
downstream kinetics and selectivity. Density and magnetic
separation then extract copper and aluminum foils, steel
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hardware, and ferromagnetic components from the active-
material concentrate. Air classification removes light plastic
films, separators, and label residues, while eddy-current
separators polish non-ferrous fractions. The objective is a
black mass rich in cathode and anode powders with tightly
bounded moisture, residual solvent, and foil contamination,
because these attributes govern leach efficiency, reagent
demand, and impurity profiles.

With a stable black-mass feed, targeted hydrometallurgy is
the workhorse for most chemistries. A sulfuric-acid leach
with a controlled reducing agent (often hydrogen peroxide)
dissolves Li, Ni, Co, and Mn from layered oxides (e.g., NMC,
NCA), leaving conductive carbon substantially undissolved.
Leach parameters acid normality, redox potential,
temperature, solids loading, and residence time are tuned to
reach high metal extraction while minimizing aluminum and
copper carryover. Slurry filtration and counter-current
washing recover pregnant leach solution (PLS) and a carbon-
rich residue. The PLS then enters solvent extraction and ion-
exchange trains designed to separate and purify transition
metals (Filani, Lawal, et al., 2021, Onyelucheya, et al., 2021,
Uddoh, et al., 2021). Extractants such as organophosphorus
reagents selectively load Co over Ni at defined pH; staged
scrubbing and stripping sharpen separation and reduce
entrainment. Nickel and cobalt exit as sulfate or chloride
solutions that can be crystallized to battery-grade salts or co-
precipitated as hydroxide or carbonate precursors for cathode
synthesis, with pH, temperature, and seeding control
delivering target particle size, tap density, and morphology.
Manganese is adjusted to a desired valence state and
precipitated as MnSOa solution or MnCOs, while lithium is
recovered late from raffinate by sodium carbonate or lithium
hydroxide routes depending on the intended cathode family.
Carbonate precipitation demands careful control of sodium
and sulfate carryover, followed by washing and calcination
to hit moisture and impurity limits; LiOH pathways rely on
selective sorbents or membrane-assisted splits to avoid
excessive caustic consumption.

For LFP and other phosphate chemistries, selective
approaches avoid unnecessary dissolution of iron and
phosphorus. One route leaches lithium preferentially and
returns the FePO. matrix to direct relithiation; another
dissolves the matrix and re-precipitates iron phosphate under
controlled conditions before relithiation and calcination.
Process choice hinges on energy, reagent costs, and required
product morphology (Farounbi, Ibrahim & Abdulsalam,
2022, Ibrahim, Oshomegie & Farounbi, 2022). Where
graphite quality is high, the carbon residue from leaching is
purified with mild acid washes and high-temperature
treatment to remove ash, surface functional groups, and
embedded metals; classification then delivers an anode-grade
fraction with specified BET surface area, tap density, dso, and
impurity caps (Fe, Ni, Cu typically sub-ppm to low-ppm).
Copper and aluminum foils recovered mechanically are
washed to remove adherent binder and active material;
electrolytic polishing or melt refining yields scrap that meets
rolling-mill feed specifications.

Selective pyrometallurgy remains appropriate in defined
niches heavily contaminated streams, mixed form factors, or
geographies with low-carbon power and mature slag/metal
management. In such cases, smelting concentrates Ni, Co,
and Cu into an alloy while Li and Al report to slag.
Subsequent converting and hydromet splays the alloy into
battery-grade salts; lithium can be scavenged from slag by
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leach-upgrading. The key is to deploy pyro selectively, not
indiscriminately, because preserving cathode structure or
avoiding alloy formation can reduce energy and reagents and
improve overall yield (Didi, Abass & Balogun, 2022, Evans-
Uzosike, et al., 2022, Umoren, et al., 2022).

Direct recycling aims to preserve cathode crystal structure
and secondary-particle morphology, bypassing the loss of
value inherent in full dissolution/precipitation. After precise
delamination often using solvent or supercritical CO-
approaches that soften PVDF the separated cathode powder
is cleaned, relithiated with lithium salts, and annealed under
controlled oxygen partial pressure to restore stoichiometry
and ordering (e.g., layered structure for NMC). Parameters
such as lithiation ratio, ramp rates, soak temperature, and
hold time are calibrated to recover capacity and rate
capability while limiting cation mixing and grain growth.
When successful, direct routes deliver cathode ready for
binder addition and calendaring, with lower carbon intensity
and fewer waste streams than hydromet alone (Akinola,
Fasawe & Umoren, 2021, Evans-Uzosikeet al., 2021,
Uddoh, et al., 2021).

Binder and electrolyte management close the loop. PVDF is
dissolved from foils or cathode flakes using low-toxicity
solvent systems or deep eutectic/ionic liquids where feasible,
then precipitated and filtered for reuse; specification includes
molecular-weight distribution, residual solvents, and ash.
Electrolyte solvents stripped during drying and liberation are
vacuum-fractionated to regenerate carbonate blends; LiPFs is
typically neutralized and converted to recoverable fluoride
and phosphate derivatives, with HF abatement integrated into
off-gas treatment.

Quiality assurance is what transforms recovered materials into
bankable, battery-grade products. It begins with statistically
sound sampling plans across unit operations: black mass,
PLS, intermediate salts, graphite fractions, and final products
are sampled using stratified, increment-based protocols to
avoid fines bias and segregation artifacts. Analytical suites
are tailored to each product. For lithium carbonate and
hydroxide, ICP-OES/ICP-MS quantifies Na, K, Ca, Mg, Fe,
Cu, Ni, Co, Mn, Al, and B at low-ppm to sub-ppm, while ion
chromatography measures chloride and sulfate; loss on
drying, loss on ignition, and particle-size distribution confirm
handling and reactivity characteristics (Balogun, Abass &
Didi, 2021, Evans-Uzosike, et al., 2021, Uddoh, et al., 2021).
Nickel, cobalt, and manganese sulfate solutions or solid
precursors are assayed for purity, transition-metal cross-
contamination, anions, and trace organics; particle
morphology (SEM), tap density, and dso/dso are certified
when delivering co-precipitated hydroxides/carbonates to
cathode makers. Graphite specifications include ash content,
metals, BET surface area, tap density, PSD, crystalline order
(XRD, Raman), and first-cycle irreversible capacity
measured on coin-cell test coupons. Copper and aluminum
scrap shipments carry chemical composition certificates,
coating/oxide limits, and oil/organics caps aligned with
rolling-mill or foundry acceptance.

Across the plant, inline and at-line sensors shorten feedback
loops. pH, ORP, conductivity, and density meters stabilize
leach and precipitation; XRF or LIBS provide rapid screening
for metal content in solids; online titration confirms
carbonate addition; and filtrate turbidity meters protect
downstream membranes and crystallizers. Control charts and
capability indices (Cp, Cpk) track critical-to-quality
attributes;  out-of-trend  signals  trigger  root-cause
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investigations and corrective actions adjusting reagent purity,
residence time, washing ratios, or temperature profiles. All
measurements and batch genealogies write to the digital
backbone for traceability, enabling auditors and customers to
trace any lot to equipment settings, operators, and calibration
certificates (Didi, Abass & Balogun, 2022, Otokiti, et al.,
2022, Umoren, et al., 2022).

Meeting battery-grade means aligning to cathode/anode
maker specs, not generic commodity grades. That requires
impurity targets tailored to downstream sensitivity: Fe, Cu,
and Ni must be vanishingly low in lithium salts to avoid
parasitic reactions; sulfate and chloride must not exceed
limits that corrode process equipment or seed defects;
moisture is controlled to prevent hydrolysis during mixing;
and morphology of precursors must deliver desired tap
density and sintering behavior. Qualification proceeds
through pilot lots, co-processing trials at partner cathode
lines, and performance testing in representative cells rate
capability, cycle life, gas evolution paired with failure
analysis to isolate any impurity-performance couplings. Only
after repeatability and performance are proven does a
recovered product move to routine supply (Asata, Nyangoma
& Okolo, 2022, Olinmah, et al., 2022, Uddoh, et al., 2022).
Waste minimization and reagent recycling are integral to both
performance and ESG claims. Acid recovery units regenerate
sulfuric acid from spent liquors; solvents from extraction are
distilled and recycled with make-up minimized; sodium
sulfate by-product is crystallized to a saleable grade when
markets and permits allow; and wash waters are counter-
currently reused to cut blue-water footprint while meeting
carryover limits. Sludges and spent media are characterized
to identify recoverable metals before disposal; black-mass
dust collection is optimized to maximize capture and
minimize worker exposure and product loss (Evans-Uzosike,
et al, 2022, Onalaja, et al, 2022, Seyi-Lande,
Arowogbadamu & Oziri, 2022, Umoren, et al., 2022).
Ultimately, materials recovery and quality assurance are
inseparable halves of a single discipline. Mechanical
liberation must deliver clean, consistent black mass and foil
streams; hydromet, selective pyro, and direct-recycling must
be chosen and tuned to chemistry and market; and every gram
that leaves the gate must be analytically defended and
production-consistent. Done right, the output slate battery-
grade Li-COs or LiOH, Ni/Co/Mn sulfates or co-precipitated
precursors, purified graphite, clean Cu/Al foils, recovered
PVDF and electrolyte solvents feeds directly into cathode and
anode manufacturing with performance indistinguishable
from virgin supply, lower carbon intensity, and a documented
provenance. That is the standard a modern circular battery
economy must meet and the one this framework is built to
deliver.

2.7. Circular Reintegration, Economics & Conclusion

Circular reintegration begins where quality assurance ends:
with specification-driven offtake that slots recovered
materials directly into cathode and anode manufacturing
without costly rework or performance compromise.
Contracts with cathode active material makers enumerate
particle morphology, impurity ceilings, moisture, and phase
purity for nickel, cobalt, and manganese salts or co-
precipitated hydroxide/carbonate precursors, while lithium
carbonate or hydroxide lots are tied to tight limits on
alkali/alkaline earths, transition metals, chloride/sulfate, and
loss on drying. Offtake with anode producers similarly

1283|Page



International Journal of Multidisciplinary Research and Growth Evaluation

codifies purified graphite’s BET surface area, tap density,
particle-size distribution, Raman/XRD order parameters, and
first-cycle irreversible capacity, alongside acceptance criteria
for PVDF binder recovered to a defined molecular-weight
envelope and residual-solvent threshold. Copper and
aluminum re-enter rolling mills under scrap specifications
that control organics and oxide scale, and regenerated
electrolyte  solvents are blended under approved
formulations, their provenance and composition verified by
certificates of analysis linked to the digital ledger. Because
each shipment carries a cryptographically signed genealogy
including mass balances, process conditions, calibration
certificates, and independent lab corroboration buyers can
qualify recycled inputs once, then rely on lot-to-lot
reproducibility, shortening PPAP-like cycles and lowering
inventory buffers.

Recycled-content claims and carbon accounting travel with
the material. The same ledger that tracks custody and
condition during collection and processing generates book-
and-claim or mass-balance attestations that a given cathode
precursor or graphite fraction contains a specified recycled
share, audited against facility-level inputs and outputs.
Dynamic life-cycle assessment converts metered energy,
reagent recovery rates, solvent loops, and logistics distances
into cradle-to-gate carbon intensities with uncertainty bands;
when offtakers integrate these values into cell- and pack-level
LCAs, they can demonstrate product-level emissions
reductions relative to virgin supply. Where policy
instruments recognize low-carbon materials, these verified
intensities unlock price premia or compliance advantages.
For producers under extended producer responsibility or
recycled-content mandates, the provenance trail substantiates
compliance while enabling marketing claims that withstand
due diligence.

Economics are managed openly and continuously through
TEA/LCA dashboards that operationalize finance,
engineering, and sustainability in a single pane of glass. At
the plant level, dashboards decompose levelized processing
cost into feedstock mix, energy, reagents, maintenance, labor,
depreciation, and compliance, while overlaying credit
revenues or green premia realized in offtake. Carbon, water,
and waste intensities update as sensors report actuals from
leach circuits, solvent extraction, crystallizers, dryers, and
abatement; co-product credits for graphite, PVDF, foils, and
electrolyte solvents are recognized when quality gates are
met and shipments clear. Sensitivity sliders expose the
margin impact of swings in electricity tariffs, credit prices,
reagent recovery yields, transport distances, and capacity
factor; stochastic runs propagate realistic volatility through
Monte Carlo, yielding fan charts for EBITDA, cash coverage,
and payback. Scenario sets compare technology options
direct-recycling relithiation versus full hydromet for a given
chemistry, selective pyro for contaminated streams, or
membrane-assisted separations in solvent loops so decisions
are informed by both mean outcomes and downside risk.
Continuous improvement is the discipline that tightens both
cost and footprint over time. Statistical process control is
embedded around critical-to-quality and critical-to-cost
parameters: leach pH and redox potential, extraction phase
ratios, precipitation pH/temperature/seed density, filtrate
turbidity, dryer outlet moisture, and ICP-measured impurities
in intermediates and finals. Control charts with capability
indices (Cp/Cpk) separate common-cause from special-cause
variation; rule violations trigger structured root-cause
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analysis and corrective actions, from reagent purity upgrades
and residence-time adjustments to maintenance on mixers
and filter cloth replacement. Yield maps spotlight loss points
fines escaping dust capture, lithium left in raffinate, metals
trapped in cake moisture and quantify the benefit of counter-
current washing, particle-size rebalancing, or sorbent
debottlenecking. Each improvement is A/B tested where
feasible and verified by the digital twin to ensure gains are
causal, not confounded by feed changes. The dashboard
translates incremental wins into annualized savings, carbon
reductions, and credit upside, building the business case for
replication across lines and sites.

At the ecosystem level, the digital backbone aligns
reintegration with upstream collection and design-for-
circularity. Volume and chemistry forecasts from fleet twins
inform offtake scheduling, reagent procurement, and staffing,
while downstream customers publish forward specs that feed
back into disassembly tooling, leach recipes, and polishing
targets. When a new cathode formulation enters the market,
schema updates and pilot runs are coordinated so plants can
switch trains with minimal downtime, and offtake partners
can validate performance on representative cells ahead of
volume arrivals. This bidirectional planning dampens
bullwhip effects and keeps inventories lean without risking
stockouts of critical reagents or packaging.

Risk management sits beside economics, not behind it.
Insurance underwriters and lenders read the same
dashboards, with covenant triggers set on incident rate,
solvent loss, scrubber uptime, and carbon intensity.
Sustainability-linked loans step down margins as SPC shows
stable control and LCA demonstrates verified reductions;
conversely, deviations prompt corrective-action plans rather
than blanket capital penalties. Contracts with offtakers
include quality-related price escalators and de-escalators tied
to impurity and moisture bands, ensuring both parties share
in the benefits of continuous improvement.

The reintegration strategy also acknowledges geography and
equity. Regional hubs co-located with cell or precursor plants
reduce transport emissions and cycle time; where such co-
location is not yet feasible, standardized packaging and rail-
optimized containers cut per-tonne-kilometer cost and
footprint. Community benefits agreements earmark a fraction
of value for workforce development, local suppliers, and
environmental monitoring, strengthening the social license to
operate. Public dashboards that summarize capture, yield,
purity, carbon intensity, water use, incident rate, and
community investments make performance legible to
neighbors, buyers, and regulators alike.

In conclusion, the framework delivers an integrated, data-
driven pathway to safe, economical, and scalable battery
circularity by closing the loop from verified recovery to
qualified reintegration. Offtake relationships are built on
specifications and trustable data, so recovered lithium salts,
nickel/cobalt/manganese precursors, purified graphite, clean
foils, and regenerated binders and solvents flow back into
manufacturing lines as true drop-in materials. Recycled-
content claims and carbon accounting are not marketing gloss
but auditable outcomes rooted in metered operations and
tamper-evident custody records. TEA/LCA dashboards fuse
profitability and sustainability into daily management, while
sensitivity and uncertainty analysis make decisions robust to
market and feedstock variability. SPC-driven continuous
improvement steadily compresses cost, variance, and
footprint, and the digital backbone synchronizes design,
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logistics, processing, and reintegration so that the whole
system learns.

What emerges is a circular supply that scales with
electrification rather than lagging behind it: safe handling and
transport minimize incidents; disciplined triage preserves
optionality between repair, second life, and recycling;
engineered disassembly and hazard controls protect workers
and communities; recovery trains deliver battery-grade
outputs at competitive cost and declining carbon intensity;
and transparent governance earns policy credits, green
finance, and customer confidence. By aligning engineering
with data integrity, market incentives, and community
benefit, the framework converts end-of-life batteries from a

diffuse liability into a reliable,

low-carbon feedstock

cementing circularity not as a pilot aspiration, but as an
operating standard for the electrified era.
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