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ABSTRACT The capacity of electric vehicle batteries degrades depending on users’ driving and charging
behaviors and operating conditions. Degraded batteries can provide energy and power to second-use
applications as energy storage. However, the feasibility of a second-life battery strongly depends on
price and technical properties such as the remaining capacity, temperature, and cycle life. Besides, new
battery production needs intensive mining, leading to extensive water and electricity consumption and
carbon emissions. Therefore, second-life applications can extend existing storage and balance the needs
of numerous new batteries, whose prices are intensively related to political, economic, ethnic, and social
factors. This review investigates the critical phases, economics, market, problems, future importance of new
production, second life, and recycling, and reveals potential challenges and solutions. Moreover, battery
chemistries are compared using comprehensive terminology. Three selected battery models commonly
used in research are mathematically described and compared. Recent advances in thermal modeling are
mathematically discussed, and the experimental methodology for state of health estimation and batterymodel
parameterization is detailed. End-of-life estimation methods are discussed, and the often neglected state of
function phenomenon is expressed mathematically. Standards, regulations, second-life application areas,
recycling process, and precious metal market are briefly explained. In addition, a blockchain perspective is
suggested for untraceable raw data in the cradle-to-grave battery cycle. Developing artificial intelligence-
based data processing empowered by blockchain to enhance battery features further may help sustainable
development and clean energy utilization.

INDEX TERMS Second-life battery, recycling, battery technology, electric vehicles, energy storage systems.

NOMENCLATURE

ibat DC current provided to the battery.
i+bat The charge current.
i−bat The discharge current.
υ1 The 1st order model voltage.
R1 Equivalent circuit resistor parameter.
C1 Equivalent circuit capacitor parameter.
υ2 The 2nd order model voltage.
R2 Equivalent circuit resistor parameter.
C2 Equivalent circuit capacitor parameter.
υoc Open circuit voltage.

The associate editor coordinating the review of this manuscript and

approving it for publication was Atri Bera .

R0 Equivalent circuit resistor parameter.
a0−5 Equivalent circuit model sensitivity

parameter.
RS Series internal resistance.
b0−5 Equivalent circuit model sensitivity

parameter.
Rts First component estimated to determine the

total internal resistance.
Rtl Second component estimated to determine

the total internal resistance.
Rtot Total internal resistance of the battery.
Pe Electrical power of the battery.
c0, c1, c2 Equivalent circuit model sensitivity

parameter.
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d0, d1, d2 Equivalent circuit model sensitivity
parameter.

ηchr Battery charge efficiency.
ηdisch Battery discharge efficiency.
Ti The time to discharge at constant current.
K A fixed constant.
Ci The battery capacity in ampere-hour.
Cn Battery capacity.
I∗n Conjugate of discharge rate.
Ii The battery capacity in ampere-hour at a

given discharge rate.
1t Time interval.
csi The solid phase lithium concentration.
r ButlerVolmer kinetics constant.
Ds,i The diffusion coefficient for the electrode.
ki The reaction rate constant for intercalation or

deintercalation.
csmax,i The maximum solid phase concentration of

the electrode.
F Faraday constant.
φ1 The solid phase potential.
φ2 The liquid phase potential.
Ui The open circuit potential.
ji The flux into the electrode particle.
P(t) Power to/from the battery at time t.
Ewh Battery energy capacity.
u(t) Control variables in optimization n at time t.
x(t) State variables at time t.
λ(t) Wholesale electricity price at time t.
N Number of cells in the battery.
Elost,Wh Lost battery energy capacity.
Tend Total simulation time.
λdegrad,Wh Cost of battery charge degradation.
Rp Parallel resistor in the equivalent circuit

model.
Cp Parallel capacitor in equivalent circuit model.
Ir (t) Current through the parallel resistor in the

equivalent circuit model.
I (t) Battery current at time t.
z(t) State of charge at time t.
EAh Battery charge capacity.
Vmean Mean battery voltage.
φs,1 The initial solid potential.
β Degradation parameter in equivalent circuit

model.
λdegrad,Ah Cost of battery charge degradation.
υn The effective electrode volume.
δn The negative electrode thickness.
εs;n The solid-phase volume fraction of negative

electrode.
RS Series resistor in the equivalent circuit model.
A The electrode plate area.
εs;p The solid-phase volume fraction of positive

electrode.
υp The volume of a single sphere.
υ1xn , υ1xp Number of spherical particles of the

electrodes.

n, p A battery constant determined by the battery
technology.

Nn The cell is discretized along x for the negative
electrode.

Np The cell is discretized along x for the positive
electrode.

δp The positive electrode thickness.
jLim The molar flux.
αs The seperator transfer coefficient.
j0 The exchange current density.
Pdischmax Maximum discharge power of the battery.
Pd (t) Instantaneous demanded power.
Pmax Maximum battery output power.
P(t) Instantaneous battery output power.
υbat Battery terminal voltage.
Voc The open collector voltage.
SOFsafety The state of function based on safety.
SOFRi The state of function based on internal

resistance.
Idischmax,cur The maximum discharge current of the max-

imum battery current.
Pchrmax Maximum charge power of the battery.
αc The cathodic transfer coefficient.
φs,m Solid potential.
φe,m Electrolyte potential.
cs,(m,Nr ) A nonlinear function of the surface

concentration.
is,m The electronic current in solid phase.
ie,m The ionic current in electrolyte phase.
1xm A collection of active material spherical

particles.
Rf The electrode surface film resistance.
Nr The cell is discretized along r for any type of

the electrode.
rp The radius of the pth discretized element.
ψ(T ) The generic parameter.
ψact The value of the parameter at the reference

temperature.

E
ψ
act The activation energy for the parameter ψ .
Tact The actual temperature.
CEOL The battery capacity at the end-of-life.
C Instantaneous battery capacity considering

aging.
αa The anodic transfer coefficient.
ηm The reaction overpotential.
RiEOL The end-of-life value of the internal

resistance.
RiBOL The beginning of life value of the internal

resistance.
Ri,R0 The current value of the internal resistance.
Xi The current value of the safety indicators.
Xi,EOL The end-of-life value of the safety indicators.
Xi,BOL The beginning of life value of the safety

indicators.
Pchrmin The minimum charge power of the battery.
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Pdischmax The maximum discharge power of the battery.
Pmin The power design limits of the battery.
Pmax The power design limits of the battery.
Ut,k+L The predicted terminal voltage at index k+L.
I chrmin The minimum continuous charging current.
Idischmax The maximum continuous discharging current.
I chrmax,vol The maximum charge current of the maximum

battery voltage.
Idischmax,vol The maximum discharge current of the maxi-

mum battery voltage.
Umin The minimum terminal voltage of the battery.
Umax The maximum terminal voltage of the battery.
I chrmax Maximum charge current of the battery.
Idischmax Maximum discharge current of the battery.
I chrmax,cur The maximum charge current of the maximum

battery current.
SOFcap The state of function based on battery capacity.

ABBREVIATIONS

SEI Solid electrolyte interphase layer.
HEV Hybrid electric vehicle.
OCV Open circuit voltage.
DOD Depth of discharge (%).
P2D The pseudo-two-dimensional or partial differ-

ential battery model.
SOC State of charge (%).
EV Electric vehicle.
ECM The equivalent circuit battery model.
BMS Battery energy management system.
SLB Second-life battery.
FB Fresh battery.
ESS Energy storage systems.
LCO Lithium cobalt oxide.
LFP Lithium iron phosphate.
LTO Lithium titanium-oxide.
NCM Nickel-cadmium manganese.
NCA Nickel cobalt aluminum oxide.
LLI The loss of lithium-ion inventory.
LAM The loss of active materials.
SOH State of health.
RUL Remaining useful life.
OEM Original equipment manufacturer.
EOL End-of-life.
SOF State of function.
EIS Electrochemical impedance spectroscopy.
ICA Incremental capacity analysis.
TIG Tungsten inert gas.
SVM Support vector machine.
HI Health indicators.
SOT State of temperature.
RES Renewable energy system.
RTO Recovery time objective.
COE Cost of energy ($/kWh).
NiMh Nickel metal hydride.
LMO Lithium manganese oxide.

LMT Light means of transport.
UL Underwriters Laboratories.
HESS Hybrid energy storage system.
BOL Beginning of lifetime.

I. INTRODUCTION

To achieve net zero emission targets, transportation, res-
idences, and other areas, incentives and interest in clean
energy alternatives are increasing daily. Adopting electric
vehicles (EVs) in significant polluting transportation is
promising. Additionally, the share of EVs in the automobile
market has risen to 18% with the technology developing
day by day. Conventional power plants supply the grid and
are responsible for 73% of air pollution. Thus, renewable
technologies have reduced grid dependency by up to 42%
[1], [2], [3]. Considering that primary electricity demand
will have increased by 50% by 2050, its 88% share of
renewables in power generation is likely to be supported
by the growing EV market [4]. More precisely, energy
storage systems (ESS), which can also use dismounted EV
batteries, support clean energy technologies that increase
system performance and reduce overall costs. Also, ESS use
is expanding daily due to its improving performance. Thus,
an increase of 787.5 billion $ is expected by 2050 in batteries,
which currently have a market of 44.5 billion $ [3], [4], [5],
[6]. Also, the production of EV batteries is increasing by 3%
yearly [7]. EV batteries, whose market volumes are growing
significantly, will not be able to satisfy users in terms of
performance due to aging over time. The pile of batteries
removed from vehicles can be a severe problem. While
precious metals can be recovered in recycling, the battery
landfill must be managed appropriately. Battery production
volumes will increase due to the popularity of EV fleets
in transportation electrification. Therefore, mining, carbon
emissions, and electricity consumption in production will
increase, and a large battery landfill cannot be avoided.
Today’s initial focus is to allow retired vehicle batteries to
be used in reuse applications to address many more issues.
After the first life for power performance, EV batteries can
be evaluated for their energy performance in less demanding
second-life applications. Production volume pressure can be
reduced by extending the circular supply chain for batteries.
Useful lifetimes will increase the return on investment
for many investors and delay inefficient business models
regarding recycling costs.

A. PROBLEM FORMULATION

The cradle-to-grave journey of EV batteries encounters many
uncertainties. The uncertain aging development process in
the internal structure of different chemistries prevents the
formation of a clear idea. For this reason, the reuse processes
of EV battery cells, which will be considered second life,
vary. Labor efforts, testing, and balancing procedures lead
to different selling prices. In addition, the purchase prices
of robust cells are relatively higher. Financial uncertainty
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also creates an environment of insecurity in stationary
storage investments. Initial capacities and increased internal
resistance are unpredictable and may not guarantee the
desired supply-demand match. Sensitive aspects such as
ambient temperature, charging and discharging current, state
of charge (SOC), and thus depth of discharge (DOD) are
under user control during the first use. Therefore, it may be
utilized less than desired as it directly impacts the second
use due to the circular chain. A similar process of technical
and economic uncertainty is encountered in the transition
to recycling. Is this idea of technological development in
reuse worth implementing? Is it necessary to stop producing
and give life another chance? Is this just an expectation or
a reality that will shape the future? While existing projects
and commercial products are already on the market, many
challenges need to be overcome, and the many advantages
of second life have been repeatedly proven in the literature.
However, there are still vague ideas, and this is not yet
a mature issue. The first and second-use processes in the
circular battery chain and the subsequent recycling business
models must be managed and appropriately evaluated by
many stakeholders in the sector. Creating a large pool of ideas
is essential, especially for investors and researchers interested
in joining this sector. This review article is inspired by the
pros and cons, current situation, technological developments,
market, and future directions at each stage of the EV battery
journey without going into the production process.

B. LITERATURE REVIEW

Batteries are removed from EVs when driving performance
declines and customer dissatisfaction begins, depending on
the initial usage profile. After being removed from EV
and separated into cells, they are repackaged by removing
heterogeneity using various methods for second-life appli-
cations. It is predicted that second-life batteries (SLBs),
whose application area is gradually expanding, can reduce the
global temperature concern. For example, battery production
of 1 kWh causes about 55 kg of emission of CO2 and
electricity consumption of 50-65 kWh [8]. For producing
1 ton of lithium-ion, approximately 250 tons of mineral ore
or 750 tons of mineral-rich brine is collected [9], and 1,900
tons of water is consumed [10]. Thus, recycling high precious
metal content at the cathode of SLBs is critical when the
lifespan ends in 8-15 years. In this context, it is estimated
that 250,000 metric tons of EV lithium-ion batteries will
be recycled by 2025 [11]. Although high-volume recycling
is thought to make the circular economy profitable, only
40-50% of the investment is recovered [12]. However the
technical and financial return of recycling is relatively low,
these reasons will make it worthwhile. Researchers have
repeatedly proven that SLBs provide useful outputs, with
developed new strategies in large-scale and small-scale
networks depending on the variety of use cases. Furthermore,
the well-known advantages of SLB over fresh battery (FB)
may not always be valid. Therefore, the general advantages

and limitations of SLB need to be discussed and, contrary to
popular belief, the advantages of FB need to be emphasized.
Thus, Table 1 summarizes SLB’s unpredictable behavior
and details the results of studies arguing that SLB has an
advantage or disadvantage over FB or that its advantage is
conditional. The table shows that the trade-off between first
and second use will directly affect recycling processes and
investment ideas. Therefore, carefully reviewing each stage
of the circular chain is critical.

C. RESEARCH ELABORATION

Recently, many studies have focused on the immature
second-life issue and, more broadly, on the battery circular
economy and supply chain. Table 2 summarizes the subject
matter and content of the (reputable) publications selected
by the authors. Many critical topics, such as technological
developments, problems and solutions, business models,
future directions, market forecasts, and labor-related reuse
preparation processes, are addressed in these studies. How-
ever, many of these issues have yet to be considered at each
stage of the battery circular chain (first use, second life,
and recycling). In particular, there are cases where these
issues have been addressed superficially. Regarding proposed
solutions, the battery passport needs to be addressed. Also,
it can be emphasized that the feasibility trade-offs between
FB and SLB should be addressed. Another shortcoming is
that the technological superiority in battery chemistries is
not considered an issue that needs to be addressed, even
though it is a known fact. Other neglected issues are the
state of function (SOF) phenomenon, which needs to be
discussed in end-of-life forecasts, the lack of support for
market forecasts by reputable global reports, and the lack of
explanation of the precious metals market in recycling. The
lack of detailed explanation of the most reputable models
proposed by researchers for batteries and the subsequent
mention of the aging mechanism also creates an unreliable
opinion environment. The life cycle of EV battery is
briefly summarized in Figure 1. Accordingly, the original
contributions of this paper are as follows:

• SLB research should address the cradle-to-grave journey
of EV batteries, completing the chain from first life to
recycling. For each stage, the scope was detailed with
technical, economic, and environmental developments,
potential markets, and future projections.

• Different battery technologies and first-life markets are
considered, and battery models that can be used to
characterize and degrade batteries are examined.

• Recent advances in thermal modeling are mathemati-
cally discussed, and the experimental methodology for
SOH estimation and battery model parameterization is
detailed.

• Commonly used definitions and standards for second-
life batteries are given, as are details of the preparation
process.

• Precise parameters and predictions for the degradation
process and detecting the second-life transition are also
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TABLE 1. SLB’s changeable behavior.

under discussion. Second-life application areas, barriers
and market are other issues included in the review.

• In recycling, the methods by which the chemical
components are to be obtained are analyzed and their
market value is examined as in the other stages.

• Discussing critical obstacles in the basic battery supply
chain, proposals are made to overcome them, including
blockchain, hybrid energy storage and battery passports.

The organization of this article is as follows. Section II
describes EV battery chemistry, technologies, and modeling.
Section III explains definitions of the second-life, preparation
processes, degradation critiques, and applications. Section IV

summarizes the recycling process, giving descriptions of
significant steps. In Section V and VI, explain the barriers
and the solution proposals can be applied to the cyclic battery
chain respectively, and Section VII mentions the conclusions
and inferences.

II. LITHIUM-ION BATTERY TECHNOLOGY

Reducing CO2 using low-carbon electricity sources is the
primary goal when producing a battery. For this purpose, the
cathode mixed with binder, solvent, and additives is plated
with aluminum, and the anode is covered with copper foil on
the current collector. The cathode and anode electrodes are
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TABLE 2. The review’s motivation and originality.

dried after being rolled, and a separator is placed between
them to form a battery cell. Battery cells compose modules
and modules packages, and EV use is increasing by 3%
yearly [7]. These batteries, which have been around for years,
have a liquid or gel electrolyte [52], typically consisting of
salt and solvent, a ceramic-coated microporous membrane

separator made of polyethylene or polypropylene, and a
natural graphite anode where exfoliations are processed
to achieve a more homogeneous appearance. In addition,
it is possible to see current collectors that contain different
transition metal oxides, providing the cathode, which is the
primary determinant of performance, and the junction. It is
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also possible to frequently see cylindrical, prismatic, and
pouch-shaped cell formats [53]. Lithium-ion battery type
with dynamic and nonlinear behavior is advantageous [64]
with low pollution, self-discharge, high energy density,
specific energy, discharge current rate, coulomb performance,
and no memory effect [65]. Cobalt, lithium, and nickel
mineral utilization rates in the cathode have been changed
daily, and their beneficial use in EVs has been improved. EVs
constitute 47%, 24%, and 7% of lithium, cobalt, and nickel
mineral demands, respectively [66]. In this way, widely used
transition metal oxides have been developed, such as lithium
cobalt oxide (LCO), lithium iron phosphate (LFP), lithium-
titanium-oxide (LTO), nickel-cadmium manganese (NCM or
NMC), nickel cobalt aluminum oxide (NCA). Continuous
battery technology developments have become superior over
other ESS, such as a flywheel, supercapacitor, hydroelectric
pump, and fuel cell, more evident. Since compressed air and
superconducting magnetic energy storage technologies are
still innovating, the battery maintains its dominance.

A. COMPARISON OF TECHNOLOGIES

In LFP batteries, the use of modules is reduced with cell-
to-pack technology (CTP) development, while the energy
density is increased. It must also have a lower flame risk,
cost, and longer cycle life. These batteries, which have
better stable chemistry, have doubled EV use due to the
high mineral price and incentive [66]. However, the fact
that iron and phosphorus do not bring much financial
profit after recycling has increased the interest in batteries
with a high nickel content (almost seven times more than
lithium) in the cathode (in NCM, especially NCM811, NCA).
It accounts for 75% of the global cathode demand due
to the related species’ greater energy density, easy driving
range, and fast charging [67]. Despite its advantages, the
high extraction rate of pure and quality nickel in Russia
(20%) and cobalt representing 5% of the battery’s cost
per kg are significant challenges. Especially the fact that
Russia is at war and the violation of children’s rights in
Congo reduces the interest. Lithium-ion battery chemistries
that will eliminate metal oxides and significantly increase
the current energy density are still under development [52].
The authors in [68] focused on lithium-sulfur chemistry.
Temperature and C-rate ( Ichr or Idisch

Cratedbat

), the measurement of

the charge and discharge current with respect to its nominal
capacity, did not accelerate aging, and dramatic degradation
did not accelerate even after reaching the aging knee or
sudden death point. They also found no exponential loss of
efficiency because cells do not suddenly cycle. Based on these
determinations, it was reported that the Na-S battery should
not be ignored. The frequently preferred battery chemistries,
especially those used in EVs (LFP, NCM, NCA, lithium
manganese oxide (LMO), LCO, and LTO), are compared
in detail in Table 3. In EVs, depending on the trends in
the cathode, batteries with NCM811 and NCA chemistry
will become dominant, especially by 2028. Performance

differences are evident between older (2012-2015) and newer
(2018-2019) EV battery packs in terms of energy density
and thermal management. New high-power density active
liquid-cooled package designs have lower power density and
efficiency than older technology and are expected to generate
more heat [69].

B. BATTERY MODELS

To understand the degradation process well, it is necessary to
explain the widely used models of the internal mechanism
of the battery, which need to be addressed in reviews.
At this point, three reputable battery mathematical models
that researchers usually prefer before the degradation process
are selected. Since it is known that thermal battery behavior
causes the critical problem of runaway (spontaneous rise
of temperature due to overheating) and that the optimum
operating temperatures directly impact degradation, recently
proposed mathematical thermal equations and obtained
results are also discussed. In this context, the bucket model,
which resembles a fuel tank and moves linearly with ampere-
hour work volume, is simple and easy to implement [105]
(see Figure 2 (a)). Also, ECM reflects internal dynamics
by resistors and capacitors and external characteristics from
the empirical (experimental) model [106], [107], [108]
(see Figure 2 (b)). The single-particle type electrochemical
partial or pseudo-two-dimensional differential model (P2D)
uses nonlinear high-level partial differential equations (see
Figure 2 (c)). Its use is widespread, with good handling
of the transport process, kinetic and thermal stress, internal
degradation dynamics, the solid electrolyte interface (SEI)
thickness, ion conductivity, and porosity [109], [110]. These
related models can be seen in Figure 2.
Physics-based degradation models provide sophisticated

and near-accurate aging information based on internal degra-
dation processes [111]. It also includes information on SEI
growth and lithium plating. For example, linear degradation
addresses SEI growth in the electrochemical-thermal physics-
based model that incorporates SEI growth and lithium
plating, while non-linear second-stage aging is due to lithium
plating [112]. Another benefit is that by focusing on design
optimization, internal reactions can be reduced and battery
life extended. It is likely adaptable to other situations
because the dominant role in the aging mechanism is similar.
However, it is a complex process due to the sensitivity of the
measurement and the difficulty of predicting electrochemical
parameters [55]. The lack of historical data on usage makes
it difficult to overcome the challenge of making predictions.
Conversely, data-driven degradation models utilize historical
data to train the model. Although predicting degradation
can be done accurately when good quality data is available,
the need to calibrate and train can lengthen the process.
However, evaluating the extracted features may not guarantee
a high prediction accuracy. Another data-driven approach
is empirical modeling. Parameters such as C-rate, internal
resistance, and discharge curve should be considered in
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FIGURE 1. A comprehensive look at EV battery lifecycle or journey.

FIGURE 2. Battery models for energy storage: (a) Bucket model, (b) ECM,
(c) P2D [109].

the degradation trend and analyzed in the regression model
to characterize the battery. Although relatively simple, the

experimental process makes it difficult to adapt to many
situations, and the time and cost are relatively high. On the
other hand, hybrid approaches that combine the strengths of
individual battery life estimation models have recently been
on the rise [113].
After introducing degradation models, the battery degra-

dation process is discussed, and preliminary information for
the second life is given to the reader (Section III). In this
context, the battery efficiency, based on technical details,
is related to the linear function of SOC and charge/discharge
efficiency. Steady-state equivalent circuit models (ECMs)
enable the relevant relationship to be obtained and the
distortion tendency to be characterized [114]. Figure 3 shows
the model consisting of three resistors representing open
circuit voltage, ohmic losses (Rs), charge transfer (Rts), and
membrane diffusion (Rtl). Besides the steady-state ECM,
Figure 4 shows the commonly used ECM stages. The 0th

equivalent circuit only considers the ohmic resistance of the
battery. Therefore, it is useful for steady-state analysis as it
does not respond to time-dynamic responses. The 1st and
2nd equivalent circuits should be used instead of the 0th

to improve accuracy, but this assumption is valid for short
timesteps (<10 min. or 1/600 Hz) [115]. Parallel R-C is used
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TABLE 3. Comparison of EV battery chemistries.

for different chemical reaction dynamics. For instance, R1

and C1 represent ion diffusion (Warburg impedance), R2 and
C2 represent anode-cathode capacitance or constant phase
element [116]. The Warburg’s time constant is much larger
than the constant phase element. Impedance parameters
vary with current, SOC, SOH, temperature, and sensitivities.
Therefore, Equation (1) represents the 2nd order equivalent
circuit.

ibat = i+bat + i−bat
∂v1

∂t
=

−1

R1C1
v1 +

1

C1
ibat

∂v2

∂t
=

−1

R2C2
v2 +

1

C2
ibat

voc + R0ibat + v1 + v2 = vbat (1)

FIGURE 3. Steady state battery equivalent circuit [114].

The steps associated with Equation (1) provide the non-
linear function and its solution [117]. In addition to efficiency,

FIGURE 4. Equivalent circuit models [117].

ECMs are often used to determine the relationships between
voltage, current, DC power, and AC power, depending on
the order number. The precise relationship between the
parameters is defined by Equation (2) and (3) [114].

ηchr =
Voc

Voc − Rtot
Voc−

√
V 2
oc−4. RtotPe
2.Rtot

(2)

ηdisch =
Voc − Rtot

Voc−
√
V 2
oc−4. RtotPe
2.Rtot

Voc
(3)

Experimental analysis, electrochemical impedance spec-
troscopy (EIS), and parameter estimation based on analytical
data are prominent for parameter identification using Rint
(0th order), Theven’s (1st order), and double polarization
(2nd order) ECMs.
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In experimental analysis, charge/discharge tests using
constant or pulsed currents. Transient voltage responses are
evaluated to determine the internal resistance, RC-based
time constants, or the relationship between SOC and open-
circuit voltage (OCV). Such procedures are performed by
charging or discharging with minimal current or intermittent
application of a normal current level. Although easy to
implement, OCV-SOC calibration takes a long time, and
testing large-scale cells is more complex. While accelerated
charge/discharge protocols are available, time is compro-
mised. However, the increasing trend of SOC with OCV in
ECM-based SOC estimation strongly favors OCV iterative
methods. These methods, such as iterative least squares and
Kalman filter, have proven highly efficient and reliable.
On the other hand, using a real-time test system equipped
with multi-channel digital-to-analog and analog-to-digital
converters operating at sampling frequencies up to 50 kHz,
with currents between 0.5-200 A, ECM component values
can be calculated by evaluating the transient voltage response
of the cell versus current for different load cycles [118].
After the charge and discharge protocol in the experimental
analysis, two methods were proposed to determine the model
parameters: one is based solely on measured data, and the
other uses exponential curve fitting and extrapolation [119].
The curves corresponding to OCV and SOC are initially
plotted for comparison. It is expected that if the rests between
charge/discharge are not long, the curves will not overlap
and will represent the OCV. If they do not match, the
cells have not reached a steady state, and the area of the
resting zone determines the OCV. Suppose the best-fitting
exponential curve is extrapolated away from the trade-off
between the curve fit and the actual measurement data. In that
case, the best average OCV steady state value is obtained
and constitutes the second method. The curves of the two
methods are almost identical under different test conditions
and currents, thanks to the parameterization. From another
point of view, rest periods are ideal for characterization-
dependent calculations of R and C parallel component values
since SOC is constant. The relaxation characteristics of the
voltage are planned according to SOC, temperature, and
velocity, considering short and long constant time branches
between separate time windows divided into rest periods of
the pulsed charge and discharge characterization tests. In this
way, an analytical time domain-based approach for parameter
identification is realized [120].
EIS is another approach. Impedance properties are

extracted by observing electrochemical processes, and EIS
data are collected to determine ECM parameters. In such
procedures focusing on impedance characterization, other
aspects of cell dynamics are left out of the evaluation phase.
EIS measures frequency response by varying voltage or
current. It involves perturbation and measurement of voltage
and current in the selected frequency range. There are
online and offline applications according to the perturbation
process. The offline method used for frequency response is

often preferred because the DC offset current is low. In the
online method, measurement with the charge function is
valid, and the offset current is high. Although limited to
high-precision measurements in a laboratory environment,
EIS must be performed under high levels of measurement
noise and approximation’s effect and using low-cost sensors.
Accordingly, the ECM parametric response of the cell to
voltage and current excitation signals over a broad frequency
spectrum can be analyzed. Fast Fourier transform feature
extraction, curve fitting, and least squares estimation can
serve this goal [121]. The Warburg impedance decreases at
rising frequencies, and the impedance spectrum is evaluated
according to this frequency response. In addition, the cell
response (current and voltage) is measured by applying
an AC perturbation signal (voltage and current based).
This data in the time domain is then transformed into the
frequency domain using a discrete Fourier transform. The
impact of the DC component is obtained by subtracting
the average before the transform. The branches related to
the electrochemical process in the qualitative impedance
graph are evaluated using the least squares method. Also,
parameter extraction is performed by utilizing the geometric
properties of the Nyquist spectrum. Another algorithmic
analysis process based on the impedance spectrum of the cell
was performed in [122]. Like before, the impedance spectrum
is determined from voltage and current measurements after
perturbation, and the frequency domain transformation is
performed. The complex impedance is calculated for the
frequencies corresponding to the frequency domains of
interest, and the impedances are decomposed into real
and imaginary to obtain the impedance plot according to
Nyquist (real and imaginary impedance plot) and Bode
(frequency-phase and amplitude plot) theory. The electro-
chemical behavior of the cell is determined by evaluating
the minimum real and maximum imaginary impedance
regions, resonance moments, and constant slope obtained
from these graphs. On the other hand, given that the terminal
voltage can be divided into electrolyte potential, OCV,
electrode overpotential, and internal resistance drop, the
electrolyte potential can be linearly simplified. Therefore,
pseudo-two-dimensional models based on partial differential
equations can be developed for parameter estimation. The
differential equations can be simplified by applying the
inverse Laplace transform and the Pade approximation while
reducing the model order. In this way, the cell voltage and
current relationship can be reduced to a second-order unified
transfer function. Thus, the relationship between electrical
and electrochemical parameters can be obtained [123].
Analytical data-driven parameter estimation focuses

on system identification using current/voltage measurement
data and unknown ECM parameters. In particular, in these
procedures, pulse current charge/discharge experiments are
performed, and parameters are determined by fitting the
model to the pulse phase voltage, relaxation phase voltage,
or both. Apart from these, optimization-based algorithms
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can also be used for parameter estimation. Especially in
Thevenin-based ECM models with multiple RC branches,
since offline estimation parameterization methods are not
available, systematic, iterative numerical optimization algo-
rithms that do not require impedance measurement can come
to the forefront for parameterization and transient analysis of
the model. Especially if the system theory approach is elab-
orated, the resistance and capacitance values for first-order
linear time-invariant RC branches can be parameterized using
the relevant theory and experimentally verified by controlled
pulse discharge tests in the LabView set [124]. The discharge
experiment initially determines the voltage drop across the
series resistor at the beginning or end of the current pulse.
The periods of the different transients are set (for example,
after the first RC branch, the periods can be increased by
a factor of 5 compared to the short transient current to
reduce the transient voltage effects of specific branches).
Since the transient voltage cannot be measured directly in
characterization tests, the time constant for the RC branches
is determined from pulse discharge experiments. The final
parameterization is obtained by correlating the steady state
and transient response. Changes in model parameters under
environmental conditions, such as operating temperature,
increase prediction errors such as SOC and SOH. In addition
to the similar steps in [125], a new parameter extraction step
is included in the method to compensate for temperature
effects. Following pulsed charge/discharge tests at different
temperature conditions, the coefficients determined for the
relationship of parallel R and C components with SOC
based on a polynomial regression model were specified as
a function of SOC and temperature. An empirical model
to determine the effects of SOH on ECM parameters other
than SOC, OCV, and temperature was proposed in [126].
A high power pulsed charging (HPPC) test (initiated by a
10-second discharge at 1◦C at 90% SOC, a 40-second rest,
and a 10-second charge at 0.75◦C) was used to determine
the ECM parameters at different temperatures and SOC
levels. An Urban Dynamic Driving Schedule profile and a
non-dynamic constant charge/discharge cycle current profile
were used to test the proposed empirical model performance.
The model calculated ECM parameters based on cell SOH,
SOC, and temperature; voltage was estimated by comparing
them with experimental measurements. Another perspective
is using a weighted average of the vectors to optimize the
ECM parameters. An AI-based parameterization approach,
which has been comparatively validated with innovative
meta-heuristics, can serve the purpose [127]. The mismatch
between the predicted and measured battery voltage is
reduced by the developed algorithm. At the same time, the
average information forms a single vector, considering the
relative significance of the various vectors. The differential
equations in continuous time are converted to discrete time
for easy handling. A sixth-order polynomial exponential
function relationship is established between OCV and SOC,
while battery dynamics during charging and discharging are

included in the mathematical model. The method overcomes
the demanding requirements of controlled charge/discharge
static tests, as current profiles and rest intervals must be
compatible for accurate OCV measurements according to
SOC. Finally, relatedmethods for extracting ECMparameters
have a challenging and time-consuming methodological
framework. Parameter identifiability analysis and two iden-
tification approaches (to eliminate redundant estimates of
the non-convex problem) for extracting all parameters from
offline current/voltage data were proposed in [128]. Starting
with the parameter identifiability analysis and continuing
with the parameter identification problem, the procedure is
guided by the objective of estimation-error minimization. The
first one of the two identification approaches constrains the
parameter search space to determine parameter boundaries.
The other one concerns adjusting the cost function according
to the estimates.

Determination of ECM parameters is typically performed
using HPPC tests, one of the test methods recommended in
the battery test guide for next-generation vehicles (PNGV)
[129]. HPPC testing can be performed using three methods:
constant current constant voltage (CCCV), constant power,
and constant current constant time (CCCT). The procedure of
the CCCVmethod is to charge the cell with a constant current
until it reaches a specific voltage (usually the upper cut-off
voltage), and when the charge is complete, discharge the cell
with a constant current until it reaches a specific voltage
(usually the lower cut-off voltage). In the constant power
method, which is more suitable for testing cells of different
capacities, the cell is charged with a constant power until
a specific voltage level (usually the upper cut-off voltage).
After charging, the cell is discharged at a constant power up
to the lower cut-off voltage. The CCCT method, in which
the cell is first charged and then discharged at specific times
and current levels, is more suitable for cell performance
tests of the same capacity. While there are other methods,
such as constant power, constant time, constant voltage, etc.,
it is necessary to determine the appropriate charge/discharge
protocol based on the specific requirements under actual
operating conditions.

The close link between model parameters under complex
operating conditions allows a precise characterization of the
cell’s internal properties via HPPC tests [130]. In related tests
that monitor current and voltage responses or cell voltage
response to a rectangular current pulse, the exposure of the
cell to a high current pulse of varying length and amplitude
and the subsequent data determine the cell model under
different operating conditions. Very exponential waveforms
must be specified when defining the time constants according
to the cell response of interest. It is recommended that the
voltage responses be several times longer than the expected
time constant length to determine the time constants [131].
The HPPC pulse should be as short as possible if the cell
SOC is not to change [132]. There is a trade-off for preferred
HPPC pulse lengths in applications for the mentioned reasons
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and requirements. An even number is usually preferred for
HPPC profiles with different pulses when one discharge and
one charge pulse are desired to be generated and to keep the
cell SOC unchanged [126]. The current values in each pair
used more than once may be different. High-current pulses
are thought to cause a significant change in cell voltage and
SOC and, therefore, are easier to record [132]. Also, the
pulse sequences in the pair need to be correctly determined.
Starting with a charge pulse at high SOCs increases the
voltage across the charge and can cause pulse interruption in
the transition from CC to CV mode. The rest time between
pulses is another consideration. The time constants must be
longer than expected to allow enough time for the cell voltage
to stabilize before the next pulse. On the other hand, HPPC
test data can be easily determined in the time domain, which
favors the DC pulse compared to the EIS method, which uses
the AC excitation signal as input. HPPC tests evaluate the
cell charging and discharging process with high current in
repeated cycles and, thus, the cell’s performance. The relevant
time domain test based on DC pulses consists of a discharge
pulse, a relaxation, a charge pulse, and another relaxation,
each with a defined pulse current amplitude. To properly
obtain the time constants, the ohmic and polarization
resistance must be derived from the terminal voltage curves
as a function of SOC. Therefore, models using resistance
measurements should be preferred for a dynamic analysis.
It should also be noted that input features extracted from
HPPC test data into a least squares-based function fit as time
series voltage with different sample intervals directly impacts
ECMparameter identification [133]. On the other hand, ECM
can be determined for cells based on the voltage response
from the tests, whichwill determine the lifetime performance.
However, HPPC tests determine the cell’s dynamic pulse
power capability, including discharge pulse and regeneration
pulse power capability, where the correlation between each
parameter and model accuracy should be carefully evalu-
ated. Parameter optimization, including fast charge/discharge
voltage and heat generation, is also required, and advanced
cooling systems or thermally controlled chambers are
recommended [134]. Also, charge/discharge rates may need
to be checked by the BMS [135]. Other suggestions for
the problem include setting the pulse feature, continual
monitoring and modeling, and pre-test simulations. Besides
issues to overcome, HPPC has benefits. For example,
since achieving the pulse power capability is time-based,
the test duration can follow the guidelines set by man-
ufacturers, and tests can be performed at various DOD
levels.
The HPPC test data is used as input for ECM parameter-

ization and offline parameterization. However, the relevant
test procedure was developed much earlier to determine the
cell’s dynamic power capability due to discharge and regen
pulses. Therefore, adapting the profile to the parameterization
is essential. Accordingly, it is recognized that HPPC profiles
with varying current, pulse width, and rest time directly

impact the identification accuracy [131]. A possible increase
for either of these improves accuracy under conditions where
the pulse width and rest time are sufficiently low, while in the
opposite condition, there is no improvement. The researchers
in [136] think that the correlation effect in parameter identifi-
cation for the 2RC model will decrease with increasing pulse
length and rest time. On the contrary, it was argued in the
1RC model in [137] that changes in the current signal do not
affect the precise parameter identification. For this purpose,
researchers in [138] used the Taguchi method to investigate
the effects of varying HPPC profiles of positive and negative
pulse height, pulse, and relaxation length on ECM parameter
selection under operating conditions, including dynamic,
non-dynamic, and quasi-static tests. Due to the complete
factorial approach for the space of parameters whose effects
are to be investigated, the measurement times become
more extended. Therefore, the Taguchi orthogonal array was
used for the optimum parameter levels [139]. Finally, it is
recommended to consider lower positive impact heights,
higher negative impact heights, shorter impact lengths, and
longer relaxation lengths under unpredictable operational
conditions. On the other hand, the measured pulse power
capability is closely related to sensitivities such as tempera-
ture, current, lifetime, and sensor accuracy. To guarantee the
accuracy of HPPC parameterization in practical applications,
single-factor experimental methodology for DOD, SOH,
temperature, and current should be emphasized. Accordingly,
a finite difference algorithm must first be developed to
calculate the partial derivative of the nonlinear function to
perform the 2RC ECM parameterization process and SOC
estimation via HPPC tests. The ultimate goal can be achieved
by reducing the linearization error in this way, with extended
Kalman filters that keep up with the ambient conditions and
can analyze real situations even under other data and noise
conditions [140]. [134] considers a similar approach (2RC,
extendedKalman filter) but anHPPC test-basedmethodology
designed on a multi-station co-motion system for ternary
lithium cells. Here, OCV is used to determine cell parameters.
Also, this methodology simultaneously solves linear or non-
linear problems to obtain optimal parameter results and SOC
level.
Besides comprehensive ECM methodology, electrochemi-

cal models consider chemical, thermodynamic, and physical
properties [141]. Equation (4) provides the determination of
SOC for a constant discharge rate based on the calculations
of Peukert’s law [142]. Based on the same law, Equation (5)
calculates the battery capacity in Ah for certain discharge
rates [142]. Thus, SOC is determined by Equation (6)
from the capacity relationship [142]. The SOC is controlled
according to Equation (7) [142], especially for non-constant
discharge rates.

I∗n Ti = K (4)

Ci = Cn(In/Ii)
n−1 (5)
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SOC = 1 −
Iit

Ci
(6)

SOCk = SOCk−1 −
Ii1t

3600.Cn

(

Ii

In

)n−1

(7)

The single particle model was created in [143] for a
lithium-ion batterywith two porous electrodes and a separator
containing the electrolyte in three regions. To capture the
dynamic behavior of the porous electrode, the relevant
model performance is high [144]. While metal oxide is
stored in the cathode of the discharged battery, electrode
diffusion of lithium must first be ensured for the charging
process. As a result of deintercalation from the cathode,
lithium is transported to the anode surface by following
the electrolyte path and is stored in the anode until the
discharge process begins. Based on Fick’s 2nd law, the
diffusion is governed by Equation (8) [145]. Intercalation
and deintercalation reactions are based on Butler-Volmer
kinetics and are calculated using Equation (9) [146]. As it
is more chemically based, its details can be examined
in [143].

∂csi
∂t

= Ds,i

(

∂2csi
∂r2

+
2

r

∂csi
∂r

)

i = n, p (8)

ji = 2ki
(

csmax,i − cs
i

)0.5
cs.0.5i c0.5

.sinh

[

0.5 . F

RT
(81 −82 − Ui)

]

i = n, p (9)

The bucket model, known for its similarity to the fuel tank,
is created in [147] as a space model with a control variable,
a power flow for charging and discharging the battery,
a single state variable, and a SOC-dependent space model.
Calculations of the relevant model and aging technique
are suggested by Equation (10), where the battery life is
assumed to be 8000 full cycles when 20% of the capacity is
lost [147].

dz

dt
=
P (t)

EWh

0 ≤ z (t) ≤ 1

R (u (t) x (t)) = P (t) .λ (t) .N

Elost,Wh = 2.15 . 10−4max |P (t)|

+ 1.25 . 10−5.

∫ Tend

0
|P (t)| dt

C (u (t) x (t)) = Elost,Whλdegrad,WhN (10)

The construction of the space function based on con-
trol variables has been implemented in a similar way
in ECM [147]. While the charge state and the current
flowing through the parallel resistor are considered as state
variables, the state space model consists of two equations
and the solutions are performed depending on the steps in

Equation (11) [147].






























































































dz

dt
=
I (t)

EAh
dIr (t)

dt
=

1

RpCp
I (t)−

1

RpCp
Ir (t)

V (t) = OCV (z (t))− RpIr (t)− RsI (t)

2.7 ≤ V (t) ≤ 4.2

0 ≤ z (t) ≤ 1

R (u (t) x (t)) = I (t) .V (t) .λ (t) .N

Elost,Wh =
(

α (Vmean T (t))T
0.75
end

+β (V (t) z (t))

√

∫

(|I (t)| .dt)EAh

)

C (u (t) x (t)) = Elost,Whλdegrad,AhN

(11)

One of the control-oriented electrochemical modeling is
P2D. The physical size of the cell’s longitudinal axis and
the pseudo-size of the radius of the active particles are
represented in [148]. The binary intercalation process is
defined, and the finite difference method (FDM) is used
for spatial discretization. Each electrode forms a correlation
of active particles equal to the ratio between the electrode
volume and the sphere volume. Chemical calculations for the
cell performance equation, SOC, and thermal model were
carried out according to Equation (12) [148]. As this is more
of a chemical and design proposal, its details can be found
in [148].
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T
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(12)

As a result, by accepting battery charge and discharge
power as a control input, the bucket model in which mon-
itoring SOH and energy status cannot appropriately reflect
the nonlinear degradation process in different operating
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conditions. Therefore, the prediction accuracy could be
better. ECMs, in which stress parameters such as DOD,
temperature, and C-rate taken from the experiments are fitted,
and charge and discharge currents are used as control inputs,
are more accurate than the buck model and have lower
complexity than P2D. It also provides moderate accuracy
in online use. In both models, it only considers the initial
life of the battery, i.e., the EV operating period. Although
physics based P2Ds, which consider the second lifetime,
seem superior, using ECM is more common due to the
difficulty of solving high-level differential equations.
The optimum temperature should not be exceeded in EV

batteries. Thermal management plans and battery energy
management systems should be followed to achieve this
goal [149]. In [150], a configuration consisting of fins, metal
foam, and phase change material (PCM) is proposed, and a
parametric method combining computational fluid dynamics
and artificial neural network (ANN) is recommended to serve
the relevant goal under extreme operating conditions such
as high discharge currents. In particular, ANN is preferred
over fluid dynamics for the prediction of the liquid part of
the PCM and the battery temperature. A non-equilibrium
thermal pathway was followed for the metal foam model.
The enthalpy-porosity method was used to model the PCM
around the LIB and easily incorporate the phase change
into the one-step flow configuration. The thermal functions
generated for the lithium-ion battery (LIB), including pure
PCM, fin, and enclosure, are shown in Equations (13)-(16)
[150]. The effects of sensitive parameters such as the number
of fins, height, and length on thermal energy management
are evaluated material-wise and under different ambient
conditions. The hybrid approach, which consists of PCM,
metal foam, and fins, guarantees the lowest temperatures
compared to pure PCM. Applying copper metal foam and
fins, increasing the fin length, and adding more fins are also
suggested for minimum temperatures. On the other hand,
the safety regime response of the LIB varies for different
cathodic chemistries. Since it is essential to maintain the
optimum operating temperature and thus minimize thermal
runaway in different cathodic chemistries and comply with
the respected government norm GB 38031/32 for thermal
packaging, a four-equation thermal abuse use battery model
is proposed in [151]. Also, it is suggested that the thermal
behavior of organic-based, graphene-reinforced composite
PCMs (CPCMs) be monitored. The relevant regulation
specifically mandates that thermal runaway propagation
in heavy commercial EVs must be delayed by at least
5 minutes. The choice of CPCM is motivated by the
instability in delaying the thermal runaway trigger point due
to the low thermal conductivity of conventional PCMs. The
formulations of the corresponding thermal battery model
belong to the four stages (SEI, the negative and positive
electrolyte reaction, and the decomposition of the electrolyte
and the remaining binders). The corresponding mathemat-
ical modeling can be found in Equations (17)-(20) [151].
Especially when monitoring thermal runaway in common

cathode materials (LiNiMnCoO2, LiFePO4), a large format
prismatic cell profile is preferred. It is emphasized that
by choosing CPCM, the onset of thermal runaway can
be delayed by 20 minutes, and peak temperatures in the
battery module can be reduced up to 113.2 minutes with
even the most minor addition of expanded graphene. On the
other hand, heated wall configurations (square, rectangular,
trapezoidal, and curved) can be considered thermal storage
capacity and serve thermal safety limits [152]. The enthalpy
porosity method calculates the melting time, energy storage,
and the PCM-filled liquid fraction. Local closed zone-based
heat sources at the heating boundary, especially curved wall
profiles, increase the melting time to 57.6%. These wall
profiles have a smooth and continuous surface, facilitate free
convection, minimize flow separation, and promote proper
fluid flow. Latent heat is reduced while thermal conductivity
increases in thermal energy management schemes involving
RT-47-based PCM beyond CPCM or pure PCMs [153].
For optimizing the thermal mechanism inside the battery,
the coolant flow, and the heat transfer dynamics in the
relevant schemes, the system management using a cold plate
with serpentine channels can be resorted. Also, the synergy
principle for the innovative variable cross-section couple can
be applied [154].
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Here, Cp, ρ, k and T represent specific heat, density,
thermal conductivity, and temperature, while r and z represent
directions. Also, β means liquid fraction, and href refers to
sensible enthalpy. L, vr and vz represent the latent heat of
fusion, the velocity in the r-direction, and the velocity in the
z-direction.
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TABLE 4. The technical specification of battery cell for the models.

TABLE 5. Methodological framework for battery models.

Here, A represents the chemical function at the anode. ASEI

actually refers to the SEI decomposition reaction at the anode.
Similarly, Ane, Ape, and Ae represent the negative electrode-
electrolyte solvent reaction, positive solvent reaction, and
electrolyte decomposition reaction at the anode. CSEI and Ce
represent the SEI and electrolyte decomposition reaction at
the cathode. ESEI , Ene, Epe and Ee indicate the SEI decom-
position reaction at the electrode, the negative and positive
electrode-solvent reaction, and the electrolyte decomposition
reaction. C is the specific heat for each stage.

Finally, Table 4 summarizes the cell-specific definitions
for the models and the electrical inputs of the test for
the studies on battery models, and Table 5 presents the
methodological comprehensive framework for the model.

C. DEGRADATION PROCESS

The protective barriers, which have a lower operating voltage
than the electrolytes, alleviate the reaction effects between
the electrode and the electrolyte, and concern the material
combination, are described as SEI [109]. This barrier, formed
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in many steps, begins to decompose through a series of
reduction reactions in which insoluble compounds such
as electrolytes, lithium dioxide, and lithium fluoride are
formed. Currently, the high impedance SEI does not affect
the grinding at the cathode (> 0.25V). After lithium is added
to the anode at lower voltages, the SEI forms a tightly knit,
highly conductive layer. The SEI structure, which can grow
or degrade depending on the usage profile, shows improved
thermal stability if exposed to higher temperatures over
time than lower ones. However, SEI can dissolve and even
create salts inhibiting lithium-carbon ion transition [158].
In contrast to high temperatures, at shallow temperatures,
the metallic lithium plating in the SEI (especially during
fast charging) becomes quite severe, and dendrite formation
is observed. Such parasitic reactions cause the lithium-ion
between the cathode and anode electrodes to be absent from
the cyclic process. The growth of the surface films creates
the perception of power fading. As a result of the continuity
of the relevant operating condition, a catastrophic thermal
failure occurs between the electrodes [159]. As a result of
the decomposition experienced, active material loss at the
anode and cathode, binder separation, formation of a surface
resistive layer between the active electrodes, and electrode
particle cracking occurs. In addition, many internal defects
develop adversely, such as exfoliation and the interaction
of solvents released from the SEI with the electrode with
graphite material. The gas to be formed is harmful to
SEI [51]. Besides the electrode-to-electrode relationship,
current collectors and electrolytes are highly susceptible to
degradation. Apart from the increase in active lithium loss,
which represents the loss of anode and cathode active mass,
high impedance and corrosion are observed in the electrode
due to the degradation of the binder composition over time
and electrolyte decomposition.
In addition to cyclic aging, influenced by the number of

charges and discharges, calendar aging caused by electrolyte
decomposition over time is another critical issue. Parameters
such as storage temperature, time, and SOC (a high value
creates a significant imbalance in the lithium-ion distribution)
on the charge/discharge profile significantly impact the
increase in degradation. It is indisputable that the two
most important consequences of battery degradation are
capacity loss and resistance growth. The loss of lithium-ion
inventory (LLI) and anode/cathode active materials (LAM)
mainly causes these two events [64], [160]. LLI loss is
affected by the number of recyclable lithium ions and active
electrode materials (lithium plating effect due to the charge
profile) surviving in the intercalation and deintercalation
process between the active materials in the anode and
cathode [109]. Apart from this structure, where dendrite
formation is typical, LAM loss can be affected by exfoliation,
metal dissolution, and particle cracks [110], [160], [161].
With differential voltage analysis, the effect of thick lithium
plating on cells started at 0◦C and below. In contrast,
with the adoption of post-mortem analysis, LAM loss was
observed at 25◦C after 900 and above cycles [156]. The

effective aging procedurewas developedwhile integrating the
relationship between the two relevant criteria, using open data
and ECM, while complying with SOH, SOC, current, and
temperature limits [157]. Most studies show the main cause
of degradation as time, temperature, cell voltage, mechanical
stress, stoichiometry, and battery usage profile. However,
the researchers in [162] proved that the profile due to high
charging demand is the main factor in battery degradation.
For whatever reason, batteries with a near-linear degradation
profile in the first stage evolve into a nonlinear process
that causes rapid capacity reduction and resistance increase
after the knee point. Although manufacturers commit to life
points in the shared profile, the variation of operations under
operating conditions such as temperature, C-rate, and SOC
ranges remain SOH estimation uncertainty.

D. MARKET

Since the discovery and development of lithium-ion tech-
nology in the 1990s, batteries in consumer electronics,
stationary energy storage applications, and EVs have become
indispensable elements of the circular economy. Almost
every research company, academician, manufacturer, and
international commission has examined the battery popularity
according to capacity, quantity, and cost for the future,
as in Table 6. Specifically, lithium mining efforts are
expected to increase as demand for batteries is expected
to increase 14-fold compared to 2018 [162], or exceed
275 GWh capacity [163], and market share is expected to
reach 53.6 billion $ [164] with 500 kilotons of lithium to be
mined [165].

III. SECOND-LIFE BATTERY

A. DEFINING AND DESCRIBING

There are distinct differences between reuse, remanufac-
turing, repair, reconditioning or refurbishment, remodeling,
and reuse. The procedure in which the product is used
directly again without making any changes to its original
intended function is known as reuse [172], [173], while
remanufacturing refers to the aesthetic improvement of
the product with limited functionality improvements [174].
Remanufacturing aims to return components to at least initial
production performance. The components should comply
with the original factory specifications and design. Since
the rules determined by international standards organizations
must be followed, action is taken in a safe and high-quality
manner. Repair refers to modifying battery components to
correct faults and restore operational capability [175]. Recon-
ditioning also involves disassembling, cleaning, replacing,
and reassembling components. It does not assure customers
as there is no indicator by which performance can be eval-
uated when compared to original equipment manufacturer
(OEM) specifications. Remodeling involves only changing
the aesthetic appearance rather than improving the product’s
technical features. Due to high cost, time, and energy
consumption, it is preferred to define reuse or second-life
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TABLE 6. Global interest and market in battery technologies.

instead of the relevant expressions. Battery packs, which
age and degradation over time depending on the production
process, driving profile, and operating conditions of EV
owners, come to life again in lower-capacity applications.
The US Advanced Battery Consortium proposed this idea in
1996 [176], [177]. Second-life, defined by the organization
as a 20% reduction of rated cell capacity or power density
at 80% DOD, has varied for many researchers. First use:
with over 1000 incomplete charge/discharge cycles over a
5-10 year period [60]; at a travel distance of 160,000 km,
with a period of 5-8 years [178]; 7-10 years [179], [180],
[181], [182]; when the knee point of accelerated degradation
tendency is reached [67]; terminate at 5% self-discharge
and 80% remaining capacity [171] has been reported.
In addition, 1-3% of battery defects, such as EV accidents
or manufacturing defects, thermal stress, mischarging, and
electrolyte and separator damage, are observed. Industry
representatives predicted that the second-life would fall
below eight years in this context [177]. A lifetime schedule
that reflects an EV battery’s first and second-life and end-of-
life (EOL) can be created, as in Figure 5.

FIGURE 5. Shifting points of EV battery.

As for other approaches to end-use: in [183], second-
life was estimated at various DODs at the specified EOL
limits of 70% and 60% capacity. Under 70% and 60% EOL
limits, the second life could be extended by 4 to 8 years
by reducing the DOD to 30% (50-80% SOC). However,
the DOD range, which has critical importance on life, must
be selected appropriately. For example, in critical second-
life applications, even if the lifetime is increased, a lower
DOD will not fully meet the supply-demand balance and

will increase grid dependency and cost. Such low DOD
values can be helpful in smaller-scale applications. On the
other hand, it has been reported that the initial battery
life can be increased by six years in ancillary services,
15 years in transmission and distribution network and EV
charging support, 5.9 years in self-consumption, 4.7 years
in area regulation, and seven years in energy management
[184], [185].

There are three main reasons for reaching EOL. An EOL
condition may occur as the vehicle reaches end-of-use, and
depending on the physical condition and health of the battery,
the pack may be used directly and separated into modules
or cells at later steps in the life cycle. Due to increased
internal resistance and decreasing capacity, batteries may
not be able to meet driver needs and may reach EOL. For
warranty reasons, the vehicle and battery may require age
or mileage procedures, and EOL may be reached beyond
the driver’s control, as it limits usage [186]. Regardless of
specific application requirements, a universal acceptance for
all battery capacities is that 70-80% of EOL will be achieved.
A common misconception is that the transition to secondary
use will occur at 70-80% capacity. The main cause of EOL is
due to capacity constraints. Then come the power constraints.
While EV battery capacities above 40 kWh reach EOL due
to capacity constraints, power constraints are the leading
cause of EOL for batteries below the relevant capacity [187].
High EV battery capacity may cause the batteries to be used
less than necessary. A fixed threshold was introduced so EV
drivers would not notice reduced performance. Prognostic
approaches take advantage of the number of charge/discharge
cycles, capacity, and internal resistance results while keeping
track of SOH properties. While the cell’s internal resistance
is high, it may not have sufficient capacity, and the accuracy
of SOH estimation will be affected. Additionally, regarding
remaining useful life (RUL) estimates, a fixed threshold
causes simplification and increases the margin of error. In this
regard, SOF estimation is required in addition to RUL, SOH,
and EOL algorithms. SOF indicates how far the battery is
from its EOL limit or relates the current state of the battery
to its EOL limit. It uses the weight of the SOC range,
charge/discharge rate, environmental temperature, and other
factors when evaluating functionality [188].
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SOF measures the extent to which the actual power
demand is met, but even when a certain amount of power
is supplied to a load, not all of the stored energy is used
due to several obstacles [189]. Although discharging the
battery at a low current reduces the voltage drop in cells
with high internal resistance, increasing the discharge rate
raises the amount of usable energy, the internal resistance,
and the voltage drop. Given the high internal resistance
at low temperatures, battery functionality will decrease at
lower temperatures. As demanding too much power from
the pack will reduce the SOF and bring it closer to the
limit, requiring more power from the battery is not allowed
and is limited. The currents used for level 1 and 2 EV
charging, particularly in the Society of Automotive Engineers
(SAE) J1772 standard, are generally between 0.5 and 2C,
depending on the battery capacity. Considering that the
charging process is sensitive to SOF, a low charge rate
is better to control the balance between the cells. On the
contrary, high charge rates increase the voltage difference
between low and high internal resistance. If the charge rate
increases, the SOF will decrease faster than the discharge rate
at constant ambient temperature [190], [191], [192]. Figure 6
illustrates the sensitivities affecting SOF [193], [194]. At the
beginning of life, SOF has a value of one, while at EOL,
it is assumed to be zero, and SOF estimation can be realized
using Equations (21)-(23) [195]. However, SOF is subject to
three limitations. These are terminal voltage, SOC, maximum
discharge, andminimum charge current, which are concerned
with design limits. Equation (24) is considered by including
the relevant constraints [196].

FIGURE 6. SOF changes vs. charge/discharge rates and environment
temperature [193], [194], [195], [196].

Another approach is the open circuit voltage (OCV)-based
Equations (25)-(29) [196], which limits the terminal voltage
and current within a specific range and limits the maximum
available power [197]. In addition, the upper/lower limits for
voltage, charge/discharge current, and operating temperature
specified by the battery manufacturer provide a safe working
region. Considering this range, the determination of the
maximum instantaneous output capacity as an indicator of
the battery condition is achieved by Equations (30)-(33)
[198], [199]. Thus, SOC, SOH, and SOF can be estimated
within a common framework. However, to define driving

requirements, historical driving profiles and data from the
battery energy management system (BMS) need to be
analyzed and compared with the level of impairment [200].
When considering SOF, it is emphasized that the minimum
battery capacity should be 40 kWh throughout the lifetime of
the EV to ensure that the capacity is not under-utilized [201].
Contrary to popular belief, vehicle-to-grid technology does
not cause early battery retirement for high-capacity batteries,
prevents under-utilization of capacity, and provides more
economic benefits than SLB.

SOFcapacity =
C − CEOL

CBOL − CEOL
(21)

SOFcapacity =
C − CEOL

CBOL − CEOL
(22)

SOFRi =
RiEOL − Ri

RiEOL − RiBOL
(23)

SOF safety = min
i=1,2,··· ,n

(

Xi − Xi, EOL

Xi, BOL − Xi, EOL

)

(24)
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(
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)
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(
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R0
(26)
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(
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)

(28)
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(

Idischmax,vol, I
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)

(29)

Pchrmax = I chrmax .

(

OCV + I chrmaxR0

)

(30)

Pdischmax = Idischmax .

(

OCV − Idischmax R0

)

(31)

P (t) = Pmax . SOC (t) .SOH (t) (32)

SOF (t) =
P (t)− Pd (t)

Pmax − Pd (t)
(33)

B. REMANUFACTURING

Degraded EV battery packs are first examined and separated
from their protection. Then, the electrical test equipment
is connected, and the characterization process is managed
according to voltage. The test equipment connections are
left, and the individual packages are checked for the last
time and separated from their upper parts. After the junction
box and busbar connect the battery, the cell management
controller, battery management system, and charge circuit
are disconnected [162]. The electrical and mechanical con-
nections between the cells are removed when the individual
packages are made into modules. However, the separator
between the anode and cathode electrodes, which is covered
with a cylindrical metal case, is made from a single plate,
making it very difficult to separate the cylindrical cell form.
Another area for improvement is that the battery module is
not detachable. The use of welding in cell junctions and the
most fragile nature of the joints in the outer shell complicate
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the process [202]. The other electronic parts (control and
connection circuit, etc.) are removed and taken to a different
place in the following procedure. This activity can take
between 8 and 16 hours, depending on the worker and the
difficulty of disassembly [53]. Battery manufacturers have
adopted module standardization that will facilitate recycling
and reuse. Replacing battery components is carried out in
three different ways. The first is relocating the components
to be replaced into the module, providing a warranty equal to
the remaining lifespan specified in the warranty. If the size of
the fault is serious, replacing the components with a warranty
and reinstalling them in the EV is the second method. The
third method involves procuring the component from two or
more battery components to obtain the battery to be reinserted
into the EV [203].
Cells dismantled in mechanical, safety, and electrochem-

ical scope are then characterized. An OCV test to measure
the SOC is performed in the second commissioning phase.
An overall OCV is measured, and the status of the removed
modules and cells is queried before the pack is disassembled.
Note that if the module contains internal cells, the OCV of
the cells is measured. The total combined OCV of the cells
shall equal the OCV in the module. A similar relationship
must also meet the required harmony at the module and
pack level. In the event of a discrepancy, faulty cells must
be identified and, after disassembly and detailed analysis,
sent for recycling if they do not meet the manufacturer’s
requirements. The isolation of the terminals inside the battery
from other external parts that may conduct electricity is
carried out by an incoming high-voltage insulation test. The
relevant insulation criterionmust bemet in advance to prevent
accidents related to occupational safety (fire, electric shock,
etc.). The insulation resistancemeasured between the positive
and negative terminals and metal components for at least
60 seconds at a voltage of 500 VDC must be at least 100�/V
for DC circuits and 500 �/V (or 50,000 �) for AC or
combined circuits [204]. Another test concerns capacity. The
battery, fully charged at room temperature (0.2 C), is left
to rest for the required time (1-2 hours) in a fully charged
state. Following the rest period, the loss of capacity due
to a complete discharge at the same C-rate is calculated
using existing measuring instruments (Chroma, Arbin, etc.)
based on the current and time data recorded. Compared to
the original capacity data, cells found to be healthy are
grouped according to their current capacity. However, when
carrying out the capacity test, it is essential to comply with
the maximum and minimum voltage limits promised in the
manufacturer’s catalogs during the charge and discharge
process so that full charge and discharge are carried out
within the relevant maximum and minimum voltage limits.
The primary purpose of the charge/discharge cycle test is
to monitor the temperature, voltage, and current of cells
and modules after at least one charge/discharge cycle at
room temperature and to monitor any irregularities that may
occur. The internal resistance test uses methods such as EIS,

which is used in the literature, including package, module,
and individual cells. However, the most common method
of determining internal resistance is to monitor the voltage
drop caused by current pulses. In particular, the current-off
technique measures the change in voltage concerning the
current between charge and discharge transitions [205].
The other method, the current switching method, analyses

the current-dependent voltage shift from the maximum
discharge point to the charge point [206]. While International
Electrotechnical Commission (IEC) 61960-2003 standards
mainly carry out internal resistance measurements, test
devices such as Chroma are used. Another second preparation
test is to examine spontaneous discharge. If the entire package
is to be used or fully charged to the maximum voltage at the
cell and module level, they are stored at room temperature
of 20 ±5◦C for not less than one day. Whether the promised
self-discharge rates alignwith themanufacturers’ instructions
is evaluated by OCV measurements recorded at specified
time intervals. The relevant time interval can vary from
5-10 minutes, 1-2 hours, or 24 hours.

Since the open circuit voltage includes essential infor-
mation, the voltage check must be repeated several times
at the cell and module levels. Internal resistance and
capacity examinations require more time and money due
to additional tests. The SOH determination is made by
capacitance reduction matching based on changes in current-
voltage relationships. Non-destructive acoustic testing, which
examines corrosion, cracking, and fatigue in structures such
as concrete and steel, and listens for metal defects, has
just begun to be used. The sensor-based acoustic system
integrating electrochemical processes with voltage curves can
capture battery data [202]. EIS, which evaluates operating
conditions by examining the increasing number of cycles
and impedance change, is frequently used with its non-
destructive, low-cost, simple, and fast programming structure
and online opportunity.

Another sensitive issue in the characterization phase is
using stability agents to reduce cell heterogeneity. The perfor-
mance of stabilizers to reduce heterogeneity between cells to
be re-used is essential to minimize preparation costs, thereby
increasing the economics of SLB. Passive stabilizers based
on heat in shunt resistors do not serve this purpose as their
efficiency is 0%, and load balancing is performed according
to the weak cell. In addition, significant differences in
capacity reduction and self-discharge between cells indicate
that the heterogeneity problem cannot be solved. Active
balancers, where the load is balanced and no energy is wasted
when operating cell to cell, cell to module, or vice versa,
are relatively more efficient [207]. The balancing techniques
can be classified as a capacitor, inductor/transformer, and
converter-based. In inductor-based load balancing methods,
short transient times, high currents, and high switching
speeds are desired, so groups of capacitors are used to
filter high frequencies. Active load balancing, including
centralized, distributed, and modular, can be performed at the
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converter base and uses conceivable types (cuk, boost, buck-
boost). Although efficient, the design and implementation
phase is complex and costly. Capacitor-based systems, on the
other hand, use external energy storage to equalize the energy
balance between weak and vital cells. Although current
fluctuations are the main problem, they vary depending on
the number of switches and layers. Although their design
is simple, they take a long time to synchronize. Two-stage
balancers are obtained by combining passive and active
balancers to compensate for the loss of cell capacity due to
self and discharge voltages. While reducing the performance
deficiencies, the cases where inductive drivers are used have
the advantage of being simple, cheap, and space-saving.
Inmost cases, however, transformer-basedDC-DC converters
are used, resulting in high space requirements and costs [208].
A comparison of dynamic active balancers that transfer the
load from a stronger cell to a weaker one in adjacent cell-
to-cell, direct cell-to-cell, cell-to-packet, and packet-to-cell
conditions is an element that increases performance. In this
direction, the best performance is achieved in direct cell-to-
cell architectures, while there is a good trade-off between
performance and complexity in adjacent cell-to-cell and
packet-to-cell architectures [209]. By balancing the SOC in
both charge and discharge phases, the usable battery capacity
is increased by 16% compared to DC/DC converter types
with only 70% power efficiency. It also increases the capacity
from 14.5% to 17.4% compared to conditions without
dynamic equalization [210]. Determining the capacity of
each cell in the control target map according to the SOC
operating window of other cells and obtaining differential
currents along the cell can provide other gains. For example,
committing to a final capacity imbalance of 0.1% and an
overall capacity loss of 0.005% can achieve a low renewal
time of 1.3 months. In addition, the capacity imbalance of
the cells can be reduced by 7.25% in 78 days [211].
Characterization methods are constantly being developed

for various problems encountered in the second-life stage.
The cell spread problem was eliminated by the statisti-
cal approach using spatial and temporal, three-parameter
gamma processing [212]. With the new two-level equalizer
method, which considers the weakest cell and acts from
the average discharge capacity of the cells, problems such
as capacity loss due to imbalance, current rating, and heat
dissipation have been overcome [213]. With the lite-sparse
hierarchical partial power handling (LS-HiPPP) method,
which reduces heterogeneity in voltage and capacity, energy
use and resistance to usage uncertainty were increased to
94% and 80%, respectively, while derating was reduced to
84.3% [214]. It was stated that EIS is more economical
than capacitance and current breaking (CI), with minor
differences, but the measurement error is higher than CI.
With the emphasis on sensitive quantities, EIS is more costly
and slower [215]. However, in health status predictions, the
new methodology based on neural networks can reduce the
number of frequencies and dimensionalities to be measured

in EIS. The measurement time can be reduced to 19.1%
of the original value, and the number of entities in the
measurements can be reduced from 81 to 4 [216]. Even in
themost pessimistic scenario, themean absolute percent error
(MAPE) was reduced below 4.2% with the method that does
not require special equipment, shortens the time compared
to the traditional, and measures the AC/DC resistance in
various SOCs for the package/module/cell [217]. In constant
current-voltage charging, characterization with incremental
capacity analysis (ICA) and constant voltage phase is difficult
and impossible. Similarly, the SOH prediction strategy may
fail due to the heterogeneous form and unknown initial
lifetime. Therefore, with a new generic rapid characterization
test based on a partial coulometric counter using offline
experimental data, the maximum error at the package/module
level was reduced to 5.1% [218]. While the degradation
profile was created with the exponential triple smoothing
algorithm, the measurement error of internal resistance,
capacitance, current, SOC, and SOH was eliminated by
quadratic ECM [219]. Adopting the incremental constant
current charge-discharge cycle and EIS reduces the capacity
loss to less than 5% in both NMC and LFP cells [220].
DC internal resistance and power capacity were determined
effectively using the constant current-voltage method in
capacitance analysis and the constant current-open voltage
method in the SOC test [221].
After this type of cell characterization, the grouping

stage is started. Battery management tests such as voltage
equalization, safety check, and fault diagnosis are re-executed
and connected to integrated and adaptive electronic com-
ponents. Cell, module, and package assembly technologies
are essential in manufacturing and disassembly processes.
Uncertainties in these processes make the total cost of
ownership uncertain. The main sources of uncertainty are
the creation of electrical and structural interconnects, the
combination of conductive/reflective materials due to the
wide range of thicknesses, and the difficulty of bond
durability. Many joining technologies are available, including
ultrasonic welding, resistance spot welding, micro tungsten
inert gas (TIG)/pulsed arc welding, ultrasonic wedge bond-
ing, brazing, laser welding, magnetic pulse welding, and
mechanical assembly [222]. Although ultrasonic welding is
valuable with its advantages, such as high durability, speed of
process, and low energy consumption, it can only be applied
to pouch cells and causes high heat production that can
damage the battery. Similar advantages and disadvantages
can be seen in Table 7.

It is made ready for the customer for sale. At the end
of this whole process, voltages between 800 and 1000 V
are generally reached in the application areas [180]. All this
second preparation process can be summarized in Figure 7.

Looking at the total financial breakdown of this entire
repurpose process, the purchase price of the battery is 52%,
labor is 32%, warranty is 5%, insurance is 3%, and others
are 8% [234], [235]. In International Renewable Energy
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TABLE 7. Joining technologies for the second-life EV batteries.

Agency (IRENA), on the other hand, the purchase price is
attributed to 56%, labor and administration 26%, packaging
7%, and others 11%. Today, the breakdown of FB and
total SLB cost is as in Figure 8. Typically, the purchase
price of a battery in the Nth year can be calculated by
Equation (34) [53].

(CostSLB−re)N =
([

Costcap
]

FB

)

N
.SOH .( 1 − Perre) (34)

C. STANDARDS AND REGULATIONS

Although no adequate standard or regulation can be used
at the international level and covers the whole process
today, it is promising to see new ideas and initiatives.
A short 35-page document was published in 2018 by the
Underwriters Laboratory (UL), which became operational in
1974. While the safety procedures and performance tests for
battery packs, modules, and cells are described, production
and repurposing could be more detailed. As the first
document approved by 4R Energy Corporation, this directive

is applicable as a first step. Following the proposal on
batteries and their waste on 10 December 2020, the European
Commission requested information about their systems from
battery system manufacturers larger than 2 kWh. This way,
battery composition, production, technical performance, and
sustainability parameters were made available to the public
or accredited companies. In addition, it was emphasized that
a database called ‘‘battery passport’’ should be established
for each battery/cell/module/package manufacturer operated
by the operators. Thus, the cyclical supply and economy of
the purchasing-production-waste chain would enable ways
such as blockchain. The United Nations (UN) emphasized
in a regulation published in March 2022 that reducing EV
battery capacity by 20% should take at least five years or
cover 100,000 km. Likewise, a capacity reduction of 30%
was requested for eight years or 160,000 km, respectively.
It is thought that the benefit can be increased with more
durable battery technologies developed in this way. Some
international organizations believe that existing standards,

128444 VOLUME 12, 2024



M. Terkes et al.: Battery Passport for Second-Life Batteries: Potential Applications and Challenges

FIGURE 7. Evaluation procedure of retired lithium-ion batteries.

FIGURE 8. Comparison of FB and SLB financial breakdown.

such as International Organization for Standardization (ISO)
12405-2:2012 and IEC 62660-2, can be developed. In this
context, SAE has addressed SOH, labeling, and processing
for safety procedures with the J2997 coded directive, and the
development and determination phase is still ongoing.

D. ESTIMATION METHODS

In a simple framework, SOH, which relates the change
in energy to the internal resistance and power reduction,
is frequently used in estimating the remaining life. Apart
from SOH, the Coulomb counting procedure, in which the
current is continuously measured, is another method. Stan-
dard prognostic methods are also available to characterize
the degradation in the complete sense, not simply. Post-
mortem analysis using conventional disassembly techniques
and differential voltage and charge-discharge curve-based
methods, with ICA being the most common, are some of
these. Also, the methodology (model-based, data-driven,
hybrid variants) is the most important one combining EIS
and ECM, which relates the measured electrical response
to internal chemical and physical changes [202]. K-nearest
neighbor regression and differential optimization strategies
are available, which use the estimated data for all cells
connected internally to the battery pack. Considering SOH,
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time convolution mesh and enhanced unscented Kalman
filtering, F-distributed particle filtering, kernel smoother,
and long short-term memory model are also mentioned.
In addition, combined multiple linear regression (MMLR)
and recurrent neural networks can be listed as other methods.
The support vector machine (SVM) algorithm performs the
online RUL estimation by analogy with the measured battery
charge curve segment. Both SVM and dual polarization
methods can be seen in the market, albeit slightly [65].
Moving forward in model scope, ECM, electrochemical,

empirical, physical, data-driven (artificial intelligence, statis-
tical, signal processing), and hybridmodels are common [64],
[109]. ECM, which reflects battery performance, includes
electrical element combination, and is solved by techniques
such as circuit analysis, is the simplest method. But,
the prediction accuracy is relatively low, far from real
data [161]. Although electrochemical models and internal
parameters are represented mathematically, their popularity
has declined due to increased computational complexity of
the process. In empirical models that include experimental
test methods and evaluate the correlation between large
volumes of data, support elements such as semi-empirical
and curve fitting can be added to the system. In this way,
the relationship between SOH and internal resistance can
be captured, and SOC, state of power (SOP), and state of
energy (SOE) estimation can be benefited from the added
semi-empirical support. Taking temperature, SOC, speed,
and cycle number as independent variables, this model has
poor generalization ability for different battery chemistries
and operating conditions [236]. In a physical or regression
model, which processes internal battery mechanisms and
reaction kinetics such as SEI growth, lithium plating, active
material cracking, and electrolyte decomposition, in partial
differential equations, an intensive processing capability and
accurate definition of parameters are required. A data-driven
model is a procedure that maps parameters and SOH from test
data, where the operating mechanism is use-specific; that is,
there is no standard. It also uses machine learning algorithms
where no complex mathematical model is created. The
last representative of artificial intelligence is deep learning
algorithms, which are tightly dependent on data quality and
quantity, flexible and applicable, capable of nonlinear fitting,
and the relationship between health indicators (HI) [237].
Although hybrid techniques combine more than one method,
it is always challenging to achieve complete harmony. When
all such disadvantages are examined, it has been reported
that high-precision SOH estimation is most applicable to the
physical model using simplifiedmathematical techniques and
computing power [109].
Observing the battery temperature distribution is another

area of estimation. The state of temperature (SOT) is not
widely used and is not yet a well-understood phenomenon.
Electrochemical and thermal models based on heat pro-
duction equations can handle gases and fires above 100◦C
with SOT prediction [238], [239]. The research trend on

SOT in recent years is to prevent failure by estimating the
temperature in the battery core, estimating the temperature in
large battery packs, and evaluating the relationship between
transient events in batteries (overcharge, internal/external
short circuit, etc.) and thermal states [197]. To assess
the detrimental effects of thermal runaway, particularly in
Li-ion batteries, it is necessary to measure temperature,
mass loss, cell/module voltage, and qualitative vent gas
composition [240].

Also, system stability can be achieved using thermal mod-
els that imitate heat generation and dissipation. According
to the size of the thermal distribution, it can be divided
into subclasses such as lumped, one-dimensional, and two-
dimensional thermal models. The prediction accuracy of
lumped thermal models is limited. Other thermal models that
present the temperature distribution as 1-D and 2-D have
partial differential equations available for online use and face
heavy computational load. This situation can be solved with
advanced computer requirements. While fans are generally
used in air-based active thermal management, it stands
out with their low cost and simple structure. Liquid-based
active thermal management has a higher heat dissipation
rate and efficiency. It also reduces interference and noise
by 40%. Heat is absorbed or released within the allowable
temperature range in the phase change material-based passive
method. It also saves parasitic power. Apart from the low
cooling performance of the air-based active method, the low
complexity, high cost, and leakage risk of the liquid-based
active method make the phase-change method reasonable
[99]. It is possible to see all these parametric estimation
processes in Figure 9.

Many researchers have improved the accuracy of second-
life and EOL prediction by developing new SOH, RUL, and
SOC strategies. For example, RUL prediction under coupling
stress was performed in [251] based on support vector regres-
sion and experimental data of 6 sets of coupling stresses.
In [252], where short-term and long-term online SOH
prediction are combined, the predictive power is increased
by using the Kalman filter. In [253], a method applicable to
specific SOC profiles has been proposed by acting in an open
data manner, considering the cycle depth, average SOC and
current value parameters, and the uncertainty of the initial
SOC and aging rate. In [254], ICA and infrared techniques
were combined for battery packs disassembled according to
aging cycle procedures accelerated at different rates, and the
actual EOL could be obtained with high accuracy. In [255],
where online and offline methods were used to estimate SOH,
rarely analysed in SLB operations, HIs were obtained using
experimental data from partial charge, cycle and calendar
ageing tests, and the prediction error was reduced to 1.3%.
Incremental capacity (IC), stress, and probability density
function analyses were evaluated for SOH prediction models
with and without multicollinearity in [256]. While the peak
features in the curves of the relevant analyses demonstrate the
excellent correlation between SOH and HIs, multicollinearity
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FIGURE 9. RUL estimation methods for lithium-ion batteries (Signal processing [241], grey model [242], entropy
analysis [64], deep learning [243], empirical model [244], ECM [245], [246], mechanistic model [247], particle
filtering [248], Kalman filtering [249], on-data driven [250]).

was reduced by principal component analysis, which was
then used to minimize the prediction error to 1.06%.
Applicable HIs were selected to estimate SOH between
24% and 71% over long-term obsolescence periods [257].
It is emphasised that the best indicator is obtained by ICA
with low prediction error, while partial charging is the most
durable method for second-life aging. Linear regression,
on the other hand, promises to reduce the prediction error of
the proposed indicators to below 2% with low computation
times. In [258], which uses three machine learning models,
the input parameters are selected from the batteries’ charge
and discharge profiles, while the models’ training is tested on
eight different inputs with and without K-fold (K= 10) cross-
validation. Using the K-fold cross-validation method, the
mean square error was found to be 0.009147. In [259], using
regular logistic regression classification, multivariate linear
regression and multilayer perceptron regression, the number
of RUL cycles was determined to have a prediction error
of 0.041 by simple charge and discharge tests and voltage
waveform analysis. In [260], where three types of regression
(least squares, ridge, etc.) were proposed for RUL estimation,
IC curves were transferred to the regression inputs, and the
estimation error was limited to 2%. In [261], three different
RUL estimation methods are proposed. The first uses battery
history data and IC curve characteristics similar to the
regression input. However, a filter-based feature selection
procedure is performed to eliminate multicollinearity. The
second is the dynamic time-bending algorithm, in which past
data cannot be used. The corresponding algorithm obtains
the contraction coefficients by ensuring curve matching
between the reference and target cells. The third is the
degradation mechanism-based method, where only part of
the battery curve can be used and is based on the charge
voltage segment. Similar techniques can reduce the prediction
error to 1.5%. In [262], which uses the cell difference
model and the adaptive damping unscented Kalman filter
algorithm, second-order resistor/capacitor ECMs, namely the

Rint model, are used, and the prediction error is guaranteed
to be±2%. Since the correlation between internal impedance
and SLB storage capability is known in accelerated SOH
estimation [263], Bayesian optimization based on Gaussian
process regression can be used to hyper-parameter such
procedures [264]. The correlation storage between cell
impedance, SOC, temperature, and SOH is generated by
the machine learning model using all EIS data or selected
features, while the prediction error is 1.1%. In [265], which
uses the indicator referred to as the optimum retirement
score, the compromise between the first and second-life is
targeted. Multi-objective optimization problems based on
Pareto fronts, which include the total cost and energy storage
cost, are evaluated with the ε-constraint method to determine
the SOH range (71.5-86.4%) accurately. In [266], which
focuses on fast charging protocols, charge-based features
are first selected from charging data thanks to an extended
convolutional network for early and accurate prediction. The
features taken from the discharge curve are developed with
deep neural networks. Charge and discharge-based features
are combined and used in random forest regression to predict
cycle life. By optimizing the hyperparameters using Bayes,
the margin of error was reduced to 15% even at the beginning
of the equivalent cycle (the first five equivalent cycles).
Finally, Table 8 explains the models developed by

researchers working on the estimation status to ensure battery
health, considering their boundaries. A means boundary con-
ditions and B indicates parameters and material properties.
Also, Spec. refers to specification.

E. SCOPE OF APPLICATION

It is a matter of curiosity in which operations of the batteries,
prepared for repurpose according to the RUL and SOH,
will be helpful. Considering the configurations such as
direct package usage, package stack, direct module usage,
package renewal with modules, and package renewal with
cells, effective application areas that maximize profits were
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TABLE 8. Parameters and material properties used considering SOH estimation model boundaries.
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determined [186]. In this way, the related curiosity could be
alleviated to a small extent. However, it is possible to see
the use of SLBs in almost every field to compensate for
peak demand, especially in high electricity tariffs or other
times. For this purpose, while the annual energy cost was
minimized [267], the maximum demand was reduced by
60%, and the average energy use by 39% in commercial
microgrid (MG), especially at peak times [268]. Another area
is the energy arbitrage for the discharge at peak times and
charging at off-peak times. In the related target, the usable
energy capacity of the SLB was increased to ≥ 94% [269],
and break-even results were obtained where the FB price fell
to 60% and below [270], to 26% [271]. In addition, with
the adoption of the target for SLBs, whose lifespan has been
extended to 12.5 years, electricity bill savings have increased
to 780e [272]. Generating assets must meet frequency limits
to be synchronized in the grid. In this context, generation
assets need to be ramped up as fast as possible (from
seconds to minutes) or to balance supply and demand. In this
structure, which expresses frequency regulation and network
flexibility, SLB is used frequently. SLB benefit increased by
2.6-fold [43], DC efficiency increased to 99% [273], and
discounted payback period reduced to 5.5 years provided the
internal rate of return was gradually reduced from 8% to
21% [274]. In [275], which focused on frequency response
outside the energymarket, high performance of 1,424 kWh/yr
was achieved in the day ahead market. Especially in less
demanding consumer applications (primarily residential),
the C-rate is expected to be lower and SOC oscillation
higher [109]. Therefore, in the middle segment (commercial),
power generation and EV charging support, load following,
and peak shaving will be appropriate, and grid management
will be the right choice for high demands. In contrast,
assets in generation units that deal with constant demand
have frequent maintenance periods. After any interruption,
it can be included in the system only with a specific initial
power. It will be helpful to use in these applications such as
maintenance, and black-start [51].

The use of SLB is beneficial in many areas. However,
things sometimes went differently. Application areas such
as PV smoothing (14%), renewable energy sources (RES)
firming (11%), and peak demand shaving are not appli-
cable for SLBs, based on the follow-up period in grid
services [276]. In three different frequency reserve and
demand response programs [277], fast EV charging support,
area regulation, transmission delay, self-consumption [185],
load balancing, energy reliability, peak demand shaving,
and renewable energy system (RES) applications [52] did
not yield beneficial results. However, the profitability of
applications such as area regulation, PV firming, renewable
energy time shift, transmission congestion compensation,
and transmission support is debatable [52]. In transmission
stabilization, however, each generator in the electrical grid
must rotate at the same speed. In this way, it is ensured that
the rated frequency remains within a specific range. A slight

imbalance on the generation and load side causes voltage
and frequency changes. It is desirable to exchange active
and reactive power, area regulation, and provide the relevant
power quickly to ensure power stability. In such a case, the
charge/discharge capacities will be exceeded, and proper use
will not be possible. Especially the slow response of battery
technology cannot overcome this situation. A summary of
all these application areas can be seen in Figure 10. Today,
it is often possible to see ESS applications with MW/MWh
capacity SLB. Companies such as BMW, Enel, Mercedes,
and Nissan draw attention, as seen in Table 9. The user
share is significant even at a low-capacity scale, especially
in residences and rural areas. Although it is used in many
applications as a stationary energy storage that provides
demand support, it is possible to see its use in line with
some targets. The US Energy Information Administration
has evaluated the battery usage capacity over the years
in different applications [278]. Based on the latest data
in the first and second-life: frequency regulation, energy
arbitrage, ramping or spinning reserve, utilization of residual
and excess renewable energy, voltage or reactive power
support, peak shaving, and load management, dominance
proven.

F. MARKET AND CURRENT PROJECTS

The future of SLB, due to its benefits, is seen as bright
by international organizations and researchers. Many studies
have been made based on different capacities, markets, and
sale prices estimations, as in Table 10. The global battery
market in the projection of 2050 is seen in Figure 11 [3], [4],
[5], [6].

IV. RECYCLING

Although the US Advanced Battery Commission plans a
minimum standard life of 15 years for batteries [292], this
can be as low as 8-12 years in operating conditions and
driving profiles [52]. In the moments when the capacity loss
drops by 40-50%, the second-life ends, and the recycling
process (circular waste production) begins. In such a system,
30% of wasted CO2 in transport and energy is eliminated by
improving waste and continuous resource use while restoring
the economic balance. Considering that 250,000 metric tons
of lithium-ion batteries will enter waste management by 2025
[11], the attention of many organizations has turned to waste
management. It is difficult to operate the circular economy
system in a beneficial way under uncertain and variable
operating conditions. Lithium-ion batteries, the system’s first
inputs, must be purged of residual energy that will trigger
a short circuit or explosion risk before the pre-treatment
phase. The batteries are sent to stabilization using brine
or ohmic discharge to fix the problem [293], [294]. After
the pre-treatment, the electrode materials are separated and
collected in one place, while the metal elements and other
by-products are recycled [295]. An indispensable recycling
element is the extraction of metal oxides (lithium and
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TABLE 9. Global applications of second-life and recycling in the last 10 years.

TABLE 10. Interest and market for SLB.

transition metals), known as synthetic minerals (containing
many separable components such as copper, aluminum,
graphite, electrolyte, and plastic). A supercritical CO2 solvent
is obtained with tributyl phosphate-nitric acid and hydrogen
peroxide admixture. Using the corresponding solvent for
supercritical metal extraction, 90% of the four precious

metals, such as cobalt, nickel, manganese, and lithium, are
recovered [296]. Priority is given to these minerals in the
pre-treatment phase, while metal oxides are enriched [297],
[298]. Although the same task can be accomplished with
alternatives such as heat treatment, solvent soaking, and
mechanical treatment, it is easier to withdraw electrode
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FIGURE 10. Battery capacity distribution in different application areas (grid
management [276], demand response [277], RES consumption [279], power
backup [280], transmission controller [13], transmission deferral [281], transmission
congestion relief [282], RES resources adequacy [41], energy arbitrage [283], frequency
regulation [273], spinning reserve [58], voltage support [46])).

FIGURE 11. Destiny of batteries in future projection.

materials from the electrode sheets. In metal separation
from the electrode, using soluble substances has proven
the most effective way [295]. The purpose of acid/alkali
leaching, bioleaching process, chlorination, and oxygen-
free pyrolysis methods was fulfilled. Low-cost, high-safety,
environmentally friendly bio-leach will become as common
as acid leaching [299], [300]. On the other hand, the separated
metals pass through chlorination and oxygen-free pyrolysis
and come to the water filtration and evaporation steps.
In the relevant step, metal recycling is completed by either
chemical precipitation, solvent extraction, or electrochemical
gathering. The first method, which performs complex oper-
ations by precipitation, is more widely used. The collected
cathode electrodes interacted with filtered metal elements
rather than recycled. Afterward, it is prepared for reuse
by methods such as sintering and re-grinding. with such
complex operational recycling strategies, only half of the
economic value is recovered in the circular economy [295].
On the other hand, three heavy industrial processes are
needed in the purification phase of recycling pyrometallurgy,
hydrometallurgy, and direct, to refine the required chemistries
such as lithium carbonate, cobalt, hydroxide, and nickel

sulfate [66]. When using methods such as roasting or
melting in pyrometallurgy, only some metals are recovered
from the cathode, and high reaction rates are achieved.
Generally, no mechanical pre-treatment is required, and it is
mainly worked at high temperatures in the furnace and after
stages. Most companies adopt it because of its lower cost
and scalability [301]. However, in the mechanical process,
where high energy costs are required to eliminate waste
gas and slag, if there is no particle size control, metal loss
(lithium, aluminum) increases, and the quality of lithium
recovery decreases [295], [302]. While it requires more
processing, in high-recovery hydrometallurgy, the cathode
metals are first dissolved and purified with an acid, base
or salt. In the final stage, it is introduced into solid-liquid
reactions, such as ion exchange and precipitation, and liquid-
liquid reactions, such as solvent extraction. Although toxicity
and high chemical consumption may increase through ionic
precipitation, crystallization, gas reduction, electrochemical
reduction, or electrolytic reduction, high-purity quality
products can be effectively recovered. Table 11 compares
the heavy industrial methodologies used in the treatment
phase.
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TABLE 11. Comparison of industrial recycling methodologies.

The interest in recycling lags behind the second life,
a certain momentum will be experienced, especially with
the developments that will lead to financial improvement.
Therefore, researchers are constantly developing circular
closed systems and material flows that will benefit recycling
now and in the future. For example, in [309], cumulative
demand was reduced by 73-100% while improving financial
profitability [310]. It was stated that 116 kt of lithium inChina
and 33 kt of lithium in the USA will be needed in 2030, and
approximately 5-7 kt of lithium and 35-60 kt of nickel will
be recovered [311]. It is estimated that 25-64% of product
demand will disappear between 2040 and 2050 [312], while
almost 1.7 GWh of SLB capacity (hence recycling) in Ireland
will be reached by 2050 [313]. In Catalonia, cobalt, copper,
and nickel recycling are predicted to increase by up to 80%
and lithium by up to 60% [314].

A. PRODUCTION, COST, AND MARKET OF MINERALS

The usage rates of lithium, nickel, cobalt, graphite, and man-
ganese minerals in different lithium-ion battery chemistries
are variable, there is a common usage. In this context:
lithium minerals are mined from salt water or hard rocks;
from nickel minerals, sulfide, or laterite deposits; cobalt
minerals from the by-product of copper and nickel mining;
graphite is natural or synthetic can be obtained. Countries like
Bolivia, Chile, and Argentina are famous lithium extraction
points for salty waters and Australia for hard rock. It is
mined from nickel sulfide/laterite deposits of high quality
and content in Russia, Canada and Australia and low quality
in Indonesia and the Philippines. Conversely, cobalt is
extracted from the Democratic Republic of Congo at a rate
of 70% from the refinery of hydrocarbons such as synthetic
graphite and coke. Natural graphite is mined at 80% from
China, while manganese is predominantly mined from South
Africa, Australia, Gabon and China [66]. Lithium sells for
568.5 $/ton, a sevenfold increase in price compared to last

year. Cobalt and nickel doubled and had a market value
of 51.96 and 29.23 $/ton, respectively. For manganese, the
situation is 31.25 $/ton. The yearly change in battery and
metal prices can be accessed in [66]. Currently, 25% of the
lithium-ion battery waste stream belongs to battery EVs, 36%
to long-range PHEVs, and 39% to short-range PHEVs [315].
EV batteries account for 47% of total lithium demand, 24% of
cobalt demand, and 7% of nickel. When the building blocks
are evaluated, the cathode electrode, representing 40% of
the total cost, has always been valuable [53]. The supply of
cobalt, which has been used in the cathode until today, is high
due to its price [12]. Cobalt-intensive cells, which account
for 60% of the total cost, are mostly recycled rather than
repurposed [316]. For this reason, studies continue to reduce
the cobalt used in the cathode daily [162]. On the other hand,
LFP is the only battery chemistry that provides financial
incentives for recycling, and its use will become widespread.
In EVs, China, with 75% of its current production volume,
will play a significant role, given that lithium-ion battery
purchases will reach 90% by 2025 [66]. In China, processing
and refining facilities built on lithium, cobalt, and graphite
minerals are vital in the global market. Considering that 70%
of the 520 kt cathode demand and 85% of the 300 kt anode
demand are met, more than 50% of global demand has been
fulfilled (European share is 20%, US share is 7%). By 2030,
it is estimated that China will undertake 70% of the battery
production volume. In the relevant projection, EV battery
demand will increase to 3.5 TWh, while cathode and anode
demands will increase eight to 10 times. The cathode and
anode productions will reach 5,200 kilotons (50 additional
cathode facilities), and 2,500 kilotons (40 additional anode
facilities). It is also predicted that demand will increase by
30% for lithium, 11% for nickel, and 9% for cobalt, while
the recycling market will reach 19.3 from 1.6 billion $ [66].
3.4 million kg of EV lithium battery cells, which make up
63% of EV batteries [317], are predicted to enter the waste
cycle in 2040 [318].
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TABLE 12. Battery pasaport.

V. BARRIERS IN THE CIRCULAR BATTERY CHAIN

Since lithium-ion batteries are designed not to be disas-
sembled, there are extra costs and procedures compared

to older battery technologies (lead-acid, NiMH). Besides
disassembly, even if it is possible to sort batteries with
much different chemistry using robots automatically, the
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TABLE 13. Timetable for the implementation of the European Parliament’s regulation on the battery passport.

TABLE 14. Offers and provisions on the EU regulation of the battery passport.

way to the recycling process is lengthy. In addition, the
destruction of the descriptive label on the package over
time or the lack of proper labeling creates difficulties in
identifying the chemistry. Since every step of chemistry
determination goes well and is complex, high efficiency
can be achieved. However, when it comes to obtaining
high-purity metal minerals, efficiency will be limited. Low-
cost, closed-loop recycling management for the relevant
purpose is still under development. As for financial gain,
the revenue from selling critical minerals to be recy-
cled is only between one-third and half of the recovery
cost, reducing attractiveness [12]. Mineral ores based on
lithium-ion, especially iron, and phosphorus, are widespread
globally. For this reason, recycling the related minerals
does not bring significant earnings and decreases incentives
for recycling. In addition, recycling needs to be handled
carefully, as recycling technologies are not developed to a
high level and lack of standardisation prevails compared to

reuse, high energy density and unique applications. Several
problems need to be overcome, particularly cell dismantling
and recycling. Due to the need for chemical recovery
plants with sufficient technology, legislative shortcomings
remain, such as sending the product abroad for recycling.
Estimated costs of components may increase due to unfore-
seen problems in real applications. Non-selective sorting
of cells and recycling all cells unnecessarily eliminates
cells with good performance. In addition to assembly, the
degree of automation of the battery disassembly process
is another critical consideration [323], [324]. The lack of
standardization and product diversity are the main reasons
for manual disassembly processes. The main reason for the
high cost of recycling is the increase in labor costs. Another
challenge is the possibility of damage to components and
fasteners after EOL. Thus, hybrid workstations, where robots
and complex tasks are performed and more straightforward
and repetitive by humans, may gradually transition to full
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autonomy [325]. On the other hand, safety must be consid-
ered during disassembly. Batteries not fully discharged before
disassembling can create safety hazards due to high voltage
and chemicals in the cells. Further safety concerns include
the lack of protective measures at workstations and the
generation of fire and toxic gases if the electrolyte in the cells
is damaged. Capacity limitations are due to several barriers
to recycling. Difficulties in collection and transport, energy-
intensive processes of advanced technologies requiring high
temperatures such as pyrometallurgy are risky for some
battery chemistries (LMO, LFP), diversity of battery designs
due to lack of standardization, difficulty in disassembly due
to adhesives and binders, uncertainty of recycling and low
economic return are some of them. On the other hand,
it is a common misconception that second-life starts in
the range of 70-80% SOH. It is essential to define SLBs
for the application in which they will be used rather than
the performance threshold between the first and second-
life [326], and it is assumed that SOH analysis can be trusted
in most cases. In addition, whether EIS test data can be
used to estimate the SOH of cells directly or whether it
should be used whole or in part is a complicated issue.
Especially for researchers usingmachine learning techniques,
the minimum amount of conditioning information for SOH
prediction is a criterion that should be emphasized [264].
Furthermore, regarding process speed, it is necessary to
evaluate the feasibility of different chemical batteries under
various operating conditions [327]. Using a representative
second-life duty cycle in batteries has shown that the
difference in the cause of deterioration in the first life makes
the deterioration rates in the first and second-life inconsistent,
emphasizing that SOH analysis alone is unreliable [328].
Contrary to the misconception that they will be retired with
80% SOH, it has been predicted in [329] that removed EV
batteries can operate for 12 to 20 years in their second-
life despite having only 60% to 67% remaining capacity.
Instead of using disassembled cells after the first end-
of-life thresholds, first-life end-of-test conditions must be
considered, and second-life aging testing must be performed
in limited cycles. In this approach, unnecessary battery
cycles are reduced, ramp rate violations are eliminated, and
the optimum SLB capacity is determined according to the
minimum storage requirements for the second-life [330].
Thanks to DOD and SLB capacity optimization, throughput
can be increased by up to 14% [279]. A different view
is that the cell chemistries produced are unique and the
cell forms are different, the cell equalization process to be
applied in the characterization process cannot prevent the
formation of heterogeneous structures. Additionally, most
operations (such as automatic scanning and reassembly) are
done manually during re-provisioning, which takes longer to
prepare. For such reasons, widespread beliefs exist that RUL
is estimated correctly while economic uncertainty persists.
However, the operating conditions, and thus the user usage
pattern and period, destroy the common opinion. Other vital

issues are the need for a suitable SLB model, the techno-
economically beneficial business model, and whether the
relevant battery is purchased from a certified distributor.
Likewise, especially during EV charging, the focus is on
high energy density due to the increased range and power
demand. The cyclical life, including SLB and recycling,
is pushed into the background. While there are two different
processes, batteries should be used as much as possible.
The most common shortcoming is the absence of specific
national or internationally accepted regulations or standards
for recycling, repurposing, and datasets for initial use and
production. Despite all these negativities, the dominant
advantages should be addressed in line with the global goals.

VI. PROPOSALS TO OVERCOME BARRIERS IN THE

CIRCULAR BATTERY CHAIN

When it comes to standards, the internationally accepted
UL1974 stands out. The relevant procedure, which considers
the monitoring of charge and discharge rates, suffers from
the difficulty of identifying and mapping battery properties
from different chemistries and designs. While the relevant
procedure is detailed in Section III.B, to receive UL1974
certification, SLBsmust also meet UL1973 criteria. To obtain
accreditation in UL1974, analyses such as measuring open
circuit voltage, insulation test against high input voltage,
capacity test, internal resistance measurement, evaluation
of BMS control algorithms and protection components,
and self-discharge are indispensable. It is thought that
most obstacles will be overcome with the battery passport
mentioned in the relevant regulations becoming operational.
Looking at the specifications of the relevant organization for
the battery passport, capacity, impedance, and open circuit
voltage measurement tests are required for batteries; each
feature is examined experimentally. Although measurement
conditions vary depending on the battery and its intended
use, one prerequisite is obtaining the data sheet where safety
limits such as voltage, current, and temperature are defined.
Batteries produced after 2026 with a capacity of more
than 2 kWh are required to obtain a passport by European
legislation [55], [331], [332], [333]. It is recommended that
the data sheet also include battery composition, performance
and remaining life [334]. An example application for a battery
passport suggested in [335] is shown in Table 12.

It can be stated that the missing information here was taken
from themanufacturer’s catalogs or the information regarding
the battery chemistry in question in the literature. The
EU’s 2023 Battery Directive provides the data requirements
that SLBs must meet. The new regulation has three goals:
strengthening the EU internal market, promoting the circular
economy, and reducing environmental and social impacts.
The implementation timeline of the relevant regulation,
including portable battery, starting, lighting and ignition
battery, light transportation battery, industrial battery and
EV battery, is given in Table 13 [336]. Table 14 shows the
chronological list of the recommendations in the relevant
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regulation and it is recommended that researchers interested
in reuse and recycling follow the regulation [336], [337].
On the other hand, uncertainty continues in many technical

and financial parameters resulting from the need for more
data at each step. This problem can be eliminated by
recording every related process and storing and sharing the
data with the necessary places. Crypto-based blockchain data
flow analysis is recommended. It manifests in all nodes in
the decentralized network and can be verified with network
participants, data is stored publicly, and transparency is
ensured. In this way, battery price inflation can be prevented
while the raw material content and quality used are always
guaranteed. While it is always known who the manufacturer,
user, and owner will be at different stages of its life, the
qualities and quantities of the battery (manufacturer name,
year ofmanufacture, brand/model, year of operation, logistics
stages, etc.) are recorded and accessible. In this way, the
primary responsibility for failure at any stage can be easily
determined. The use of unnecessary and expensive tests that
detect the second-life moment or EOL will be reduced.
It allows one to rent to different business models securely and
for a fixed fee. Also, supply chains will be predictable with
accelerated decision-making, not day-to-day. In this way, it is
easy for manufacturers to find the appropriate technology.
It is undeniable that unplanned waste management will
become history. A new method is required that accurately
describes a system or product in the physical world, runs
Multiphysics simulations in the cloud, and can easily monitor
parameters that are difficult to measure (such as SOC and
SOH) continuously. Industry 4.0 serves this purpose and
offers the possibility of a digital twin that receives input from
intelligent sensors.
Previous studies have investigated the use of blockchain

technology in the energy sector, including e-mobility [338],
[339]. In the e-mobility sector, blockchain has been effec-
tively utilized for battery supply chain monitoring and battery
trading, which are crucial tasks for ensuring the reliability
and efficiency of EVs [340]. Blockchain technology, with
its immutable ledger recording every battery transaction
and interaction, significantly enhances the transparency
and traceability of battery life cycles. This reliability
instills a sense of security and trust among users. Integrat-
ing blockchain with second-life battery management can
streamline the tracking of battery provenance, ensuring all
stakeholders have access to accurate and tamper-proof data.
Blockchain-based systems can also facilitate the certification
of second-life batteries, verifying their performance and com-
pliance with regulatory standards, thus building trust among
users and manufacturers. Furthermore, by leveraging smart
contracts, blockchain technology can automate the execution
of warranty claims and recycling processes, ensuring efficient
and prompt handling of end-of-life batteries and fostering
optimism about the technology’s potential.
The mandatory implementation of battery passports by

February 18, 2027, aligns perfectly with the adoption of
blockchain technology, ensuring each battery’s history is

securely recorded and easily accessible. This alignment with
regulatory requirements reassures stakeholders about the
technology’s compliance. By utilizing blockchain, the carbon
footprint requirements effective from February 18, 2025, can
be accurately tracked and verified, enhancing transparency
and compliance in the battery lifecycle.
OEMs find the recycling economy unsafe due to different

chemistries and battery designs, the ability to monitor trans-
parent and reliable data shared by stakeholders in blockchain
management will reduce conflict of interest issues. Another
proposed economic model is to collect batteries with perfor-
mance that OEMs cannot use in EVs, prepare them for reuse,
and rent them to customers [341]. Alternative economic
architectures can also be created in which the logistics com-
pany or other energy storage companies act as intermediaries
between the OEM and the customer, and data is partially
shared with the intermediaries through the collaboration
process. Online management of inventory according to SLB
supply and demand, with a focus on sellers and customers,
and designating the market operator as the battery trading
intermediary will improve economic management [342].
However, excess energy use and data swelling can become
significant problems due to increased nodes. A different view
is that of a hybrid energy storage solution. This solution
method reduces the shortcomings of each storage technology
and perfectly matches the demand profile and energy balance
in various operating periods. Thus, technical-financial per-
formances are improved, such as efficiency, reliability, and
lifetime. Also, intermittent renewable energy generation pro-
files are smoothed, improving poor power quality. In addition,
frequency instability is overcome, and unbalanced loads are
reduced. Moreover, the effective DC bus voltage dynamically
provides high energy and power density. Thanks to the
collaborative working strategy, battery degradation will be
slowed when the instantaneous large power demand needs to
be met. The efficiency of batteries with longer lifespans, with
or without precious metals, will increase due to the reduced
cost of expensive testing and labor.

VII. CONCLUSION

This review comprehensively examines the critical phases,
economics, market dynamics, and challenges of new bat-
tery production and their reuse and recycling potential
while addressing key criteria for defining the optimal
battery throughout its lifecycle. Moreover, it explored the
cradle-to-grave circular supply chain and the economics
of batteries, highlighting current projects that illustrate
the ongoing developments and the potential challenges
and solutions within this field. The comparative analysis
of different battery chemistries uses precise terminology,
shedding light on their relative advantages and limitations.
Additionally, addressed the trade-offs and variable perfor-
mance characteristics between FB and SLB in stationary
energy storage applications, supported by existing research.
Three widely used battery models were mathematically
compared in research, offering insights into their aging
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mechanisms. Recent advancements in thermal modeling
were discussed in mathematical terms, and a detailed look
at experimental methodologies for SOH estimation and
batterymodel parameterizationwas provided. The article also
examined end-of-life estimation methods and highlighted
the often-overlooked state-of-function phenomenon through
mathematical expressions. Finally, key insights emerged from
the discussions on the relevant standards and regulations,
the potential areas for second-life battery applications, the
recycling process, and the precious metal market. These
aspects collectively contribute to a holistic understanding
of battery technology’s current and future directions. The
proposed solutions (blockchain and hybrid ESS) could
overcome the obstacles. With blockchain, a collaborative
platform between stakeholders is created, and an environment
of trust is provided with stored shared data. In addition, data
on battery aging can be evaluated effectively, and investors
and governments can make sound decisions. On the other
hand, with hybrid energy storage systems, the aging process
can be slowed down, and an effective supply-demand balance
can be achieved. Ultimately, the review aimed to increase
the interest of researchers and decision-makers in battery for
lagging climate targets.
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