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Abstract: Lithium–ion batteries are well established as traction batteries for electric vehicles. This has
led to a growing market for second-life batteries that can be used in applications like home energy
storage systems. Moreover, the recyclability and safe handling of aged or damaged cells and packs
has become more important. While there are several indicators, like state of health (SOH), state of
power (SOP), or state of safety (SOS), which describe the state of a battery before its defined end of
life (EOL), there is no consistent classification methodology by which to describe the usability of a
cell or pack after its EOL is reached. The proposed state of usability (SOU) provides a new indicator
that accounts for the usability for second life, recyclability, and possible required safety handling of
a lithium–ion battery after its first intended life cycle. This work presents a decision tree method,
which in turn leads to five discrete usability levels enabling a fast and rough determination of the
SOU for practical use. Further, a calculation methodology for reasonable continuous regions of the
SOU is proposed. Both methods are based on a literature-based rating of all of the relevant defect
and aging mechanisms displayed in a risk matrix. Finally, some experimental methods that can be
used for SOU determination are proposed. The developed methodology and the hands-on approach
using a decision tree are well-suited for real world application in recycling companies and battery
test laboratories.

Keywords: lithium–ion battery; state of usability; second life; recycling; safety; sustainability

1. Introduction

Nowadays, lithium–ion batteries are well established as traction batteries for electric
vehicles (EVs) [1,2]. Along with this comes a growing demand for second-life applications,
recycling processes and the safe handling of aged battery cells and packs.

There are several well-known indicators for the state of batteries in general and lithium–
ion batteries in particular. The state of charge (SOC) indicates the remaining discharge
capacity of the cell. The state of health (SOH) indicates the remaining capacity of the cell in
relation to its initial capacity [3]. The state of power (SOP) describes the power performance
of the battery and indicates the retrievable maximum power of the battery within a certain
time span. Furthermore, a state of function (SOF) is presented in the literature and is
usually defined similarly to the SOP [4–6]. The common range for these indicators is from
0 to 1 or 0% to 100% respectively.

All these indicators possess limited significance when it comes to the categorization of
used batteries or battery packs in terms of their usability for second-life applications, their
readiness for recycling or possible safety issues caused by their past usage.

Cabrera-Castillo et al. proposed the calculation of a state of safety (SOS) [7] to account
for the failure probability of a cell without considering a specific operational state. The SOS
can be used to prevent battery abuse and may also be applicable for other energy storage

Batteries 2024, 10, 57. https://doi.org/10.3390/batteries10020057 https://www.mdpi.com/journal/batteries

https://doi.org/10.3390/batteries10020057
https://doi.org/10.3390/batteries10020057
https://creativecommons.org/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://www.mdpi.com/journal/batteries
https://www.mdpi.com
https://orcid.org/0000-0003-4574-505X
https://orcid.org/0000-0002-9145-5910
https://orcid.org/0000-0001-7428-6820
https://doi.org/10.3390/batteries10020057
https://www.mdpi.com/journal/batteries
https://www.mdpi.com/article/10.3390/batteries10020057?type=check_update&version=2


Batteries 2024, 10, 57 2 of 13

systems. However, the SOS does not provide any information about the usability of the
battery for second-life applications or recycling.

This work introduces the state of usability (SOU), which enables the categorization of
batteries and battery packs regarding their usability for second-life applications, recycling,
and possible safety hazards. This new metric also ranges from 0 to 1, i.e., from 0% to
100%. The aim is to establish an indicator that is able to classify battery packs and cells
in miscellaneous conditions. The SOU is intended to be used by automotive engineers,
recycling companies and even firefighters when determining the proper handling of a
battery. Recycling companies, in particular, often face the decision as to whether or not a
battery is fit for recycling or second life usage. This decision has a high economic relevance
for the companies and can be supported by a proper metric describing the usability state of
the battery or battery system. A direct comparison between the information contained in
each indicator is shown in Table 1.

Table 1. Comparison of well-known indicators and SOU regarding their information content.

Feasible Information On SOC SOH SOP/SOF SOS SOU

Current battery state
√

✗ ✗ ✗ ✗

Degradation ✗
√ √ √ √

Safety ✗ ✗ ✗
√ √

Recyclability ✗ ✗ ✗ ✗
√

Second life usability ✗ ✗ ✗ ✗
√

2. Derivation of the State of Usability

The usability of a battery cell or pack can generally be divided into three sub cate-
gories [8]:

• Second life usability;
• Recyclability;
• Limited recyclability after required safe handling.

The first category includes batteries that are directly (e.g., usage of full batteries to
replace damaged batteries in an identical system) or indirectly (implementing full batteries
in a new system) usable for second life application. The second category includes all
batteries that have reached their defined end of life (EOL) with an SOH < 80% [9] and
that are, for some reason, not suited for a second life application. Possible reasons include
mechanical defects and connection faults. The third category includes all batteries that are
suited for recycling after proper and safe handling, i.e., batteries that are at risk of catching
fire or where the safety state of the cell or pack is not directly identifiable. This also includes
possible pollution of the materials, e.g., caused by a fire.

Saxena et al. [10] have investigated the influence of SOH on second life usability. In
contrast with the usual definition of EOL, it has been shown that EV batteries often still
satisfy the typical needs of people’s everyday driving habits. Hence, reaching the standard
EOL does not necessarily disqualify batteries from second-life use. Therefore, an SOH
smaller than 0.8 only limits the applicability in high energy demanding applications. The
same applies for an SOP smaller than 0.8 for high power demanding applications [11].

The existing usability definitions are therefore not appropriate for the classification of
aged or damaged batteries. A more detailed approach is necessary. Thus, in the following
the SOU is introduced.

The state of usability of a battery indicates in which way the battery and its components
may be reused or recycled after their previous usage. The aim of this work is twofold. First,
a general and broad approach is presented and, second, a methodology is provided for a
more precise determination of the SOU for second life applications, taking into account the
strong dependence on the intended further use of the battery.
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To determine the SOU, it is necessary to account for all relevant defect and aging
mechanisms, including their impact as well as their likelihood. Generally the three main
categories are mechanical, thermal and electric defects [9]. Figure 1 shows a risk matrix that
categorizes the most common and relevant defect and aging mechanisms that are essential
to identify when determining the usability of a battery. The risk matrix displays how likely
the mechanism is to occur (y-axis) and how severe the impact on the cell safety is (x-axis).
It contains the following mechanisms [12]:

1. External

a. Sensor faults (SF)
b. Cell connection faults (CCF)
c. Cooling system faults (CSF)

2. Internal:

a. Overcharge (OC)
b. Overdischarge (OD)
c. Internal short circuit (ISC)
d. External short circuit (ESC)
e. Overheating (OH)
f. Accelerated degradation (AD)
g. Thermal runaway (TR)
h. SEI growth (SEI)
i. Lithium plating (LP)
j. Electrolyte leakage (EL)
k. Open current interrupt device (CID)
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Note that SEI growth is an inevitable mechanism that can be quantified by the rising in-
ternal resistance, which is the dominating degradation effect caused by the SEI growth [13].
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Furthermore, mechanisms like EL, TR, or an open CID are classified as binary, and thus
no continuous range is applicable. The proposed ratings for likelihood and impact for all
mechanisms in Figure 1 are based on a literature review considering the related effects
and possibilities of each mechanism. In the following, the terms high, moderate, and low
are specified:

- A high impact means that an occurrence leads to a cell with limited recyclability
and a safety risk. This applies for mechanisms like a thermal runaway, where a
contamination of the electrode active materials is inevitable or a severe overcharge
that usually also leads to a thermal runaway of the cell [14,15].

- A moderate impact means that an occurrence leads to a cell that does not require safety
handling but the usability for second life may be limited to low power demanding
applications. This applies for mechanisms like sensor or cooling system faults, where
the single battery is usually not damaged and may be used in a newly built second
life battery pack [12,16].

- A low impact either means that the cell is usually not affected by the mechanism
(e.g., cooling system faults are usually detected by the BMS and do not severely
affect the single cells) or that the effect is limited and does not necessarily limit the
general usability (e.g., mild capacity losses due to conditions causing accelerated
degradation) [12].

- A high likelihood means that the mechanism is inevitable or arises in almost ev-
ery lithium–ion battery system, e.g., this applies for SEI growth [14] and lithium
plating [13].

- A moderate likelihood means that the mechanisms should normally not occur but
may occur due to incorrect handling. For instance, this might be the case for a cell that
is exposed to AD mechanisms such as high ambient temperatures [17].

- A low likelihood means that those mechanisms are usually prevented by a battery
management system (BMS) or other safety barriers like CIDs, which are usually not
prone for faults [17–19]. This applies for overcharges, which are typically prevented
by voltage control [12].

The risk of each mechanism rises with an increasing likelihood and an increasing
impact. The grey arrow in Figure 1 displays this relation. A mechanism in the upper right
corner contains the greatest risk (high likelihood and high impact), whereas a mechanism
in the lower left corner contains the smallest risk (low likelihood and low impact).

The risk matrix and its rating of impact and likelihood of a defect or aging mechanism
is used to quantify the influence on the usability of the battery cell or pack. Now, a metric is
introduced, which divides the continuous range from 0–1 into five regions, and therewith
roughly defines the usability of the battery cell or pack. The division is based on the practical
application of the approach in the second life and recycling stream. Thereby, each region
can be interpreted as a specific case for further usage or handling of the battery. Details
about necessary investigations and the corresponding general handling classification can
be found in [20,21]. Here, each region corresponds to a small range of the related state of
usability that can be used as an indicator for a different treatment in the afterlife of the
battery.

❖ 1 ≥ SOU > 0.8: Fully usable for second life applications, only mild capacity or power
losses (SOH and SOP > 80%).

❖ 0.8 ≥ SOU > 0.6: Usable for certain second life applications, e.g., with limited power
demands.

❖ 0.6 ≥ SOU > 0.4: Not usable for second life, still fully recyclable.
❖ 0.4 ≥ SOU > 0.2: Limited recyclability because of unknown components or safety

issues due to defects (e.g., CID is open, but cell did not catch fire), minor active
material contamination or mechanical damage on the cell casing.

❖ 0.2 ≥ SOU ≥ 0: Very limited recyclability, safe handling is required, severe active
material contamination.
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The division into five equally spaced intervals for the SOU is to be understood as a
suggestion, i.e., that this can be adapted for particular use cases where specific information
is at hand. In the following, the methodology regarding determination and calculation of
the above classification is presented.

3. Classification Scheme

To classify the battery SOU, the following two-step methodology is proposed. This
methodology is in accordance with the impact rating of the defect and aging mechanisms
as shown in Figure 1. In a first step, a rough classification into the five discrete usability
levels, introduced in Section 2, is carried out by employing a decision tree. For practical
applications, this often yields a sufficient classification regarding appropriate further battery
handling and can be performed quickly. In a second step, a calculation method is proposed
that allows for a more precise determination of the SOU within the upper two usability
levels.

3.1. Decision Tree

In practice, the available information about a used battery or battery pack is often
limited [8]. For a fast and practical estimation of a battery’s usability, a decision tree is
introduced that has five possible outcomes. These five classes are separated by the deduced
treatment of the battery or system and are described above in Section 2. Figure 2 depicts the
decision tree. The first step for classifying used batteries is to check for visible mechanical
damage. If this is the case and either a thermal runaway or electrolyte leakage has occurred,
safe handling is required. Thus, the battery is assigned the lowest class on the bottom
right, corresponding to an SOU range from 0 to 0.2. When only corrosion has occurred,
the recyclability of some materials may be limited but safe handling is not required. If
none of the mentioned defects appear, but the CID is open and hence the flow of current is
interrupted, the cell is also counted as limited recyclable. Hence, the second lowest class
is assigned with an SOU range from 0.2 to 0.4. If the CID is still closed and no visible
defects are detectable or only the cell casing is damaged but did not visibly affect the cell
materials, the battery is fully recyclable. If no mechanical damage was detected but an
overcharge or overdischarge occurred, the cell is also fully recyclable but not usable for
second life applications. The same applies for detected internal short circuits. In this case,
the medium class is assigned with an SOU range from 0.4 to 0.6. If none of the above
damage has occurred, and depending on the desired second life application, the SOP and
SOH values need to be checked. Note that effects like buckling of electrode particles lead
to a decrease in SOH and SOP and are therefore not separately covered in the decision
tree [22]. If the SOH and the SOP, or one of both values, are below 0.8, the battery is usable
for second life applications with corresponding limited power or capacity demands. If
both the SOH and the SOP are below 0.8, the battery is usable for second life applications
with correspondingly limited power and capacity demands. This relates to the second
highest class, with an SOU range from 0.6 to 0.8. If SOH and SOP are both greater or equal
to 0.8, the battery is fully deployable in second life applications, and the highest class is
assigned, with an SOU range from 0.8 to 1. The classification of the case SOH > 0.8 and
SOP ≤ 0.8, (or vice versa for SOP > 0.8 and SOH ≤ 0.8), depends on the intended second
life use case. For applications with low power demands (or low capacity demands), the
battery can nevertheless be assigned to the highest class, since all requirements are fully
met. If this does hold, the battery is assigned to the second highest class.
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The choice of 0.8 as threshold for SOH and SOP is also to be understood as a suggestion
based on the usual boundaries for these values and can be adapted if specific knowledge of
a certain use case is at hand.

To showcase the practical applicability of the decision tree for SOU determination, two
exemplary test scenarios are presented.

#1: Application as home energy storage for PV
Assunção et al. modelled the usage of used traction batteries from EVs as residential

energy storage for a photovoltaic (PV) plant [11]. They showed that the power demand of a
residential energy storage is far below the power demand of an EV. Hence, when assessing
the SOU of a used traction battery for this application, it is mainly the SOH that is relevant
when reaching full second life usability.

We assume a battery with the following indicators:

- No visible mechanical damage.
- CID is not open.
- No overcharge or deep discharge.
- No detected internal short circuits.
- SOH = 0.85.
- SOP = 0.72.

Following the logic of the proposed decision tree from Figure 2, with the threshold
choice of 0.8 for SOH and SOP, the SOU is in the range of 0.8–1 and thus implies full second
life usability for the desired use case.

#2: Usage as off-grid PV charging station
Tong et al. have proposed the application of used EV battery packs as off-grid PV

powered charging stations for EVs [23]. Usually, the demanded capacity for such an
application can be easily met by choosing the number of second life packs accordingly. On
the other hand, for providing the possibility of fast charging for EVs, the SOP of the battery
pack needs to meet certain requirements. In our exemplary use case, we assume that a
minimum SOP of 0.9 is required.

We assume a battery with the following indicators:

- No visible mechanical damage.
- CID is not open.
- No overcharge or deep discharge.
- Detection of internal short circuits.
- SOH = 0.65.
- SOP = 0.93.
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While all other indicators suggest that the battery pack is suitable for its desired
application, the detection of internal short circuits leads to a medium SOU classification
in the range of 0.4–0.6. Hence, the battery is fully recyclable but is not appropriate for the
desired use case.

3.2. Calculation of SOU for Second Life Application

Similar to the SOS calculation by Cabrera-Castillo et al. [7] we assume a reversed
proportionality between the SOU and the defect and aging mechanisms of the battery:

fusability(x) =
1

d(x) + 1
(1)

where fusability is the function describing the SOU and d(x) is a function describing the
occurred defects and aging mechanisms. The vector x includes all relevant variables that
represent the defect and aging states of the battery. By adjusting the denominator via
d(x) ∈ [0, ∞), the SOU values are located in the interval from 0 to 1.

In contrast with SOH and SOS, the introduced SOU does not only have one specific
lower boundary value, like the EOL at 0.8 for SOH or the safety threshold at 0.8 for
the SOS [7]. Further, because, for example, the recyclability is bound to specific criteria
defined by recycling companies, the definition of d(x) for calculating the SOU needs to
be a piecewise-defined function to account for classification into the five discrete usability
levels of Section 2. Moreover, only the first two regions between 1 and 0.8 and between
0.8 and 0.6 have a continuous physical meaning, as they are determined by SOH and SOP.
Hence, for the lower three classes discrete usability values are sufficient, as they are directly
related to a specific treatment of the battery.

For the high-level grouping into the five levels, the following relevant classification
criteria are introduced:

- Mechanical damage (MD) ∈ {0, 1}.
- Thermal runaway (TR) ∈ {0, 1}.
- Open CID (CID) ∈ {0, 1}.
- Overcharge/overdischarge (OC/OD) ∈ {0, 1}.
- Electrolyte leakage (EL) ∈ {0, 1}.
- Corrosion (CR) ∈ {0, 1}.
- Internal short circuits (ISC) ∈ {0, 1}.
- State of health (SOH) ∈ [0, 1].
- State of power (SOP) ∈ [0, 1].

The five classes can be defined by the disjunctive normal form of the decision tree,
using the binary switching variables ai ∈ {0, 1}, i = 1, . . . , 5:

MD = 0 ∧ CID = 0 ∧ [OC = 0 ∧ OD = 0] ∧ ISC = 0 ∧ [SOH ∧ SOH > 0.8] −→ a1 = 1
MD = 0 ∧ CID = 0 ∧ [OC = 0 ∧ OD = 0] ∧ ISC = 0 ∧ [SOH ∨ SOH ≤ 0.8] −→ a2 = 1
[MD = 0 ∧ CID = 0 ∧ ([OC ∨ OD = 1] ∨ ISC = 1)]

∨[MD = 1 ∧ EL = 0 ∧ CR = 0 ∧ CID = 0 ∧ ([OC ∨ OD = 1] ∨ ISC = 1)] −→ a3 = 1
[MD = 0 ∧ CID = 1] ∨ [MD = 1 ∧ TR = 0 ∧ EL = 0 ∧ CR = 1] −→ a4 = 1
[MD = 1 ∧ TR = 1] ∨ [MD = 1 ∧ TR = 0 ∧ EL = 1] −→ a5 = 1

When one of the five cases apply, the corresponding switching variable ai is set to one,
while the remaining switching variables are set to zero. Note that the above definitions
for a1 and a2 are quite restrictive, i.e., only batteries with SOH and SOP larger than 0.8 are
assigned to the highest SOU class. In case the specific application does not require high
capacity and power demands, these definitions can be adapted accordingly.

Equation (1) becomes:

fusability(x; ai) =
1

d(x; ai) + 1
with d(x; ai) = ∑5

i=1di(x)·ai (2)



Batteries 2024, 10, 57 8 of 13

where the values of the di(x) are in the following distinct intervals or take on the following
fixed values, respectively:

d1(x) ∈
[

0,
1
4

)
, d2(x) ∈

[
1
4

,
2
3

)
, d3(x) = 1, d4(x) =

7
3

and d5(x) = 9. (3)

The d1(x) and d2(x) terms account for the defect mechanisms within the first two
usability levels corresponding to second life applicability. The interval for the defect and
aging function d1 from

[
0, 1

4

)
, i.e., for the highest SOU class, corresponds to the interval

fusability ∈ (0.8, 1 ]. The interval
[

1
4 , 2

3

)
for d2, corresponding to the second highest SOU

class, is related to the interval fusability ∈ (0.6, 0.8 ]. The three fixed values for d3, d4 and
d5 correspond to the center values of the corresponding ranges for the lower three SOU
classes, i.e., d3(x) = 1 yields fusability = 0.5, d4(x) = 7

3 yields fusability = 0.3, and d5(x) = 9
yields the usability value of fusability = 0.1.

The vector x ∈ Rn consists of its elements xi, with i = 1, ..., n, reflecting the n consid-
ered defect and aging mechanisms. Typically, the value of an element xi is between 0 and
1, with 0 as no defect, and 1 for a full defect. Intermediate values between 0 and 1 might
also be reasonable, depending on the specific mechanism. Suitable possible variables for
considered defects and aging xi are, e.g., 1-SOP, 1-SOH, 1-SOS, CR, EL, ISC, MD, CID, OD,
OC, or other suitable binary indicators, such as SOP < 0.7 or SOH < 0.9. To map the vector
x to the corresponding intervals for the first two defect and aging functions d1 and d2, an
additional variable y is introduced, which is a linear combination of the single defects xi,
i.e., a weighted average of the vector x:

y(x; bi) = ∑n
i=1xi·bi, (4)

with non-negative weighting factors 1 ≥ bi ≥ 0, which sum up to one, i.e., ∑i bi = 1. As
the values for the single xi range from 0 to 1, the same holds for the resulting range of
the variable y. This weighting variable y can now be used for mapping onto the intervals
specified in Equation (3). In general, different suitable shapes for di(x) can be applied, as,
e.g., inverse tangents, or sigmoid or exponential decay functions. Here, the use of properly
scaled sigmoid functions are employed, which are commonly used activation functions [24].
One variant of the sigmoid function is the logistic function, with its general adapted form
given by:

d
(∼

y
)
= c + d · 1

1 + e−k·∼y
(5)

with real parameters c and d, and a scaling parameter k > 0. The range of d
(∼

y
)

is the
interval (c, c + d) or (c + d, c), depending on the sign of d. For proper application of the
sigmoid function in (5) a mapping from y ∈ (0, 1) to

∼
y ∈ (−∞, ∞) must be performed.

Here, the simple mapping function
∼
y = −

(
1
y + 1

y−1

)
is chosen, which monotonically maps

the interval [0, 1] to the complete real axis with y = 0.5 corresponding to
∼
y = 0, and y → 1

corresponding to
∼
y → ∞ . Using the sigmoid function as the basis, the specific defect

functions d1(y) and d2(y) are obtained by adjusting the parameters c and d in Equation (5),
such that the limits from Equation (3) are met:

d1(y) =
1
4
· 1

1 + e−k·∼y
, d2(y) =

1
4
+

5
12

· 1

1 + e−k·∼y
, (6)

Figure 3 shows exemplary SOU plots for the two continuous regions of second life
usage. Here, the sigmoid activation function was used for calculating d1(y) and d2(y).
Using different scaling parameters, k yields different curves. The value y = 0 on the left
corresponds to a negligible defect or aging effect, with respect to all actual considered
mechanisms, and thus is related to the largest SOU values of 0.8 for d2 and 1 for d1.
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The proposed approach is now applied to test case #1 from Section 3.1. The SOH is
assigned to x1 and the SOP is assigned to x2. Further, x3 and x4 are introduced as lost
capacity and power as x3 = 1− SOH and x4 = 1− SOP, respectively. The weighting factors
are b1 = 0.6, b2 = 0.1, b3 = 0.2, and b4 = 0.1. This leads to y = 0.158 and d1(ỹ) = 0.0015.
The SOU can now be calculated by:

fusability(x) =
1

0.0015 + 1
≈ 99.85%

This value changes with varying weightings and scaling factors depending on the
specific application case.

4. Experimental SOU Determination

There are numerous well-established ways to determine the necessary indicators
for the SOU. In the following, we categorize the most relevant indicators and propose
some state-of-the-art determination methods. Note that for completely unknown batteries
the identification of the cell chemistry may also be important for determining the listed
indicators. Furthermore, a visual inspection should always be carried out in the first place
in order to detect visible mechanical damage like traces of a thermal runaway or corrosion.
Figure 4 depicts the basic procedure by which to obtain the SOU of an unknown battery.
Each individual block in Figure 4 may contain other experimental techniques depending
on the use case. The SOU estimation can be carried out using the decision tree method, the
calculation method, or other heuristics.



Batteries 2024, 10, 57 10 of 13

Batteries 2024, 10, x FOR PEER REVIEW 10 of 13 
 

on the use case. The SOU estimation can be carried out using the decision tree method, 
the calculation method, or other heuristics. 

 
Figure 4. Flow chart of the SOU determination procedure. Each block may contain additional or 
different experimental and estimation techniques. 

4.1. State Estimation 
To ensure that the battery is currently not in a state of overcharge or deep discharge, 

the determination of SOC is crucial. Ampere counting, which is the most basic approach 
for SOC estimation, is not suited for systems where the initial SOC is unknown and is 
prone to measurement errors. Hence, a better approach would be a lookup table method 
using either voltage measurements or impedance responses from electrochemical imped-
ance spectroscopy (EIS) for estimating the SOC [25]. The drawback of these methods is 
that, usually, parameterization data from the exact same battery type is necessary for valid 
results. The most common and well-established method for SOC estimation in real world 
applications is the model-based approach, e.g., with equivalent circuit models (ECM) [26] 
or electrochemical models [27]. The latter ones, in particular, are also extensively used for 
SOH estimation, usually in combination with Kalman filters, particle filters, or state ob-
servers [28]. Similar approaches have been presented and tested for SOP estimation [29]. 
Furthermore, Yang et al. have presented a model-based Kalman filter approach to detect 
internal soft short circuits [30]. 

Finally, open circuit voltage (OCV) measurements, current profiles or driving cycles 
may be applied to the battery in order to estimate its states via model-based approaches 
[25]. 

4.2. Defect and Aging Mechanism Detection by EIS 
As mentioned above, EIS can be used to determine states like SOC, SOH or SOP in 

lithium–ion batteries [31,32]. Moreover, the impedance response and its corresponding 

Figure 4. Flow chart of the SOU determination procedure. Each block may contain additional or
different experimental and estimation techniques.

4.1. State Estimation

To ensure that the battery is currently not in a state of overcharge or deep discharge,
the determination of SOC is crucial. Ampere counting, which is the most basic approach for
SOC estimation, is not suited for systems where the initial SOC is unknown and is prone
to measurement errors. Hence, a better approach would be a lookup table method using
either voltage measurements or impedance responses from electrochemical impedance
spectroscopy (EIS) for estimating the SOC [25]. The drawback of these methods is that,
usually, parameterization data from the exact same battery type is necessary for valid
results. The most common and well-established method for SOC estimation in real world
applications is the model-based approach, e.g., with equivalent circuit models (ECM) [26]
or electrochemical models [27]. The latter ones, in particular, are also extensively used
for SOH estimation, usually in combination with Kalman filters, particle filters, or state
observers [28]. Similar approaches have been presented and tested for SOP estimation [29].
Furthermore, Yang et al. have presented a model-based Kalman filter approach to detect
internal soft short circuits [30].

Finally, open circuit voltage (OCV) measurements, current profiles or driving cycles
may be applied to the battery in order to estimate its states via model-based approaches [25].

4.2. Defect and Aging Mechanism Detection by EIS

As mentioned above, EIS can be used to determine states like SOC, SOH or SOP in
lithium–ion batteries [31,32]. Moreover, the impedance response and its corresponding
metrics, e.g., total harmonic distortion (THD) or distribution of relaxation time (DRT), can
also be analyzed for the determination of aging and defect mechanisms in batteries and
for state estimation purposes [33–36]. Furthermore, Kim and Kowal have used the THD to
identify over-discharged cells in a battery pack [35]. Ongoing research in this field has led
to several new analysis and measurement techniques [33].
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4.3. Non-Invasive Defect Detection

On the experimental side, several non-invasive detection methods have been studied in
recent years. For identifying mechanical defects like an open CID or delaminated electrode
layers, methods like X-ray measurements and computer tomography (CT) have been
validated as well-suited methods [37–39]. The detection of triggered CIDs is particularly
crucial for a safe and fast diagnosis of batteries, as it indicates severe abuse or defects such
as overcharge, high cell pressure, or high temperature and thus immediately leads to a low
SOU classification [19].

4.4. Data-Driven Approaches

More recently, many data-driven approaches have been presented to determine battery
states [25]. For example, Li et al. have applied ensemble learning for SOH estimation [3]
and Beltran et al. have tested the suitability of different machine learning models for SOH
estimation based on partial charge/discharge events [40]. Wang et al. have presented a
fuzzy c-means clustering algorithm for SOP estimation [5]. Machine learning methods can
also be used for the detection of isolation and grading faults in battery packs, as shown by
Yang et al. [41].

Furthermore, data-driven approaches have been developed in combination with non-
invasive experimental methods. For example, Chen et al. proposed a sorting method based
on the analysis of X-ray data [42].

5. Conclusions

The state of usability methodology presented in this paper provides an approach by
which to estimate the usability of used lithium–ion batteries after their initial deployment.
The impact and proposed likelihood of relevant defect and aging mechanisms are rated
based on state-of-the-art literature. The SOU range from 0 to 1 is separated into five different
regions that are related to all basic decisions required for second life, recycling, and proper
safety handling of the battery. A practical approach using a decision tree is proposed for
determining the SOU based on a number of critical indicators and two exemplary test
scenarios are presented. Furthermore, a calculation methodology is proposed that allows
for a continuous determination of the SOU for second life applications, i.e., within the
upper two SOU levels. Finally, measuring and analysis methods for determining the crucial
parameters and necessary information for SOU determination are presented. The developed
methodology is suited for application in various fields like battery recycling and second
life assessment, battery test laboratories, and safety assessment for accident vehicles.

Author Contributions: Conceptualization, C.W., B.T. and J.H.; methodology, C.W., B.T. and J.L.;
writing—original draft preparation, C.W. and J.H.; writing—review and editing, C.W., B.T. and J.L.;
visualization, C.W. and B.T.; supervision, B.T., J.L. and T.S.; project administration, B.T. All authors
have read and agreed to the published version of the manuscript.

Funding: This work was funded by the German Federal Ministry for Economic Affairs and Climate
Action (SUSTAIN, 16BZF320B).

Data Availability Statement: The original contributions presented in the study are included in the
article, further inquiries can be directed to the corresponding author.

Conflicts of Interest: The authors declare no conflict of interest. The funder had no role in the design
of the study; in the collection, analyses, or interpretation of the data; in the writing of the manuscript;
or in the decision to publish the results.

References
1. Etacheri, V.; Marom, R.; Elazari, R.; Salitra, G.; Aurbach, D. Challenges in the development of advanced Li-ion batteries: A review.

Energy Environ. Sci. 2011, 4, 3243–3262. [CrossRef]
2. Dobó, Z.; Dinh, T.; Kulcsár, T. A review on recycling of spent lithium-ion batteries. Energy Rep. 2023, 9, 6362–6395. [CrossRef]
3. Li, Y.; Zhong, S.; Zhong, Q.; Shi, K. Lithium-Ion Battery State of Health Monitoring Based on Ensemble Learning. IEEE Access

2019, 7, 8754–8762. [CrossRef]

https://doi.org/10.1039/c1ee01598b
https://doi.org/10.1016/j.egyr.2023.05.264
https://doi.org/10.1109/ACCESS.2019.2891063


Batteries 2024, 10, 57 12 of 13

4. Balagopal, B.; Chow, M.-Y. The state of the art approaches to estimate the state of health (SOH) and state of function (SOF)
of lithium Ion batteries. In Proceedings of the 2015 IEEE 13th International Conference on Industrial Informatics (INDIN),
Cambridge, UK, 22–24 July 2015; pp. 1302–1307. [CrossRef]

5. Wang, D.; Yang, F.; Gan, L.; Li, Y. Fuzzy Prediction of Power Lithium Ion Battery State of Function Based on the Fuzzy c-Means
Clustering Algorithm. World Electr. Veh. J. 2019, 10, 1. [CrossRef]

6. Feng, T.; Yang, L.; Zhao, X.; Zhang, H.; Qiang, J. Online identification of lithium-ion battery parameters based on an improved
equivalent-circuit model and its implementation on battery state-of-power prediction. J. Power Sources 2015, 281, 192–203.
[CrossRef]

7. Cabrera-Castillo, E.; Niedermeier, F.; Jossen, A. Calculation of the state of safety (SOS) for lithium ion batteries. J. Power Sources
2016, 324, 509–520. [CrossRef]

8. Harper, G.; Sommerville, R.; Kendrick, E.; Driscoll, L.; Slater, P.; Stolkin, R.; Walton, A.; Christensen, P.; Heidrich, O.; Lambert, S.;
et al. Recycling lithium-ion batteries from electric vehicles. Nature 2019, 575, 75–86. [CrossRef]

9. Christensen, P.A.; Anderson, P.A.; Harper, G.D.; Lambert, S.M.; Mrozik, W.; Rajaeifar, M.A.; Wise, M.S.; Heidrich, O. Risk
management over the life cycle of lithium-ion batteries in electric vehicles. Renew. Sustain. Energy Rev. 2021, 148, 111240.
[CrossRef]

10. Saxena, S.; Le Floch, C.; MacDonald, J.; Moura, S. Quantifying EV battery end-of-life through analysis of travel needs with vehicle
powertrain models. J. Power Sources 2015, 282, 265–276. [CrossRef]

11. Assunção, A.; Moura, P.S.; de Almeida, A.T. Technical and economic assessment of the secondary use of repurposed electric
vehicle batteries in the residential sector to support solar energy. Appl. Energy 2016, 181, 120–131. [CrossRef]

12. Tran, M.-K.; Fowler, M. A Review of Lithium-Ion Battery Fault Diagnostic Algorithms: Current Progress and Future Challenges.
Algorithms 2020, 13, 62. [CrossRef]

13. Guo, J.; Jin, S.; Sui, X.; Huang, X.; Xu, Y.; Li, Y.; Kristensen, P.K.; Wang, D.; Pedersen, K.; Gurevich, L.; et al. Unravelling and
quantifying the aging processes of commercial Li(Ni0.5Co0.2Mn0.3)O2/graphite lithium-ion batteries under constant current
cycling. J. Mater. Chem. A 2023, 11, 41–52. [CrossRef]

14. Doughty, D.H.; Roth, E.P. A General Discussion of Li Ion Battery Safety. Electrochem. Soc. Interface 2012, 21, 37–44. [CrossRef]
15. Kong, L.; Li, C.; Jiang, J.; Pecht, M.G. Li-Ion Battery Fire Hazards and Safety Strategies. Energies 2018, 11, 2191. [CrossRef]
16. Wolff, B.; Hausen, F. Mechanical Evolution of Solid Electrolyte Interphase on Metallic Lithium Studied by in situ Atomic Force

Microscopy. J. Electrochem. Soc. 2023, 170, 010534. [CrossRef]
17. Xing, Y.; Ma, E.W.M.; Tsui, K.L.; Pecht, M. Battery Management Systems in Electric and Hybrid Vehicles. Energies 2011, 4,

1840–1857. [CrossRef]
18. Karlsen, H.; Dong, T.; Yang, Z.; Carvalho, R. Temperature-Dependence in Battery Management Systems for Electric Vehicles:

Challenges, Criteria, and Solutions. IEEE Access 2019, 7, 142203–142213. [CrossRef]
19. Li, W.; Crompton, K.; Hacker, C.; Ostanek, J.K. Comparison of Current Interrupt Device and Vent Design for 18650 Format

Lithium-ion Battery Caps. J. Energy Storage 2020, 32, 101890. [CrossRef]
20. Attidekou, P.S.; Milojevic, Z.; Muhammad, M.; Ahmeid, M.; Lambert, S.; Das, P.K. Methodologies for Large-Size Pouch Lithium-

Ion Batteries End-of-Life Gateway Detection in the Second-Life Application. J. Electrochem. Soc. 2020, 167, 160534. [CrossRef]
21. Zhao, Y.; Pohl, O.; Bhatt, A.I.; Collis, G.E.; Mahon, P.J.; Rüther, T.; Hollenkamp, A.F. A Review on Battery Market Trends,

Second-Life Reuse, and Recycling. Sustain. Chem. 2021, 2, 167–205. [CrossRef]
22. Neogi, S.; Chakraborty, J. Size-dependent effects sensitively determine buckling of a cylindrical silicon electrode particle in a

lithium-ion battery. J. Appl. Phys. 2018, 124, 154302. [CrossRef]
23. Tong, S.J.; Same, A.; Kootstra, M.A.; Park, J.W. Off-grid photovoltaic vehicle charge using second life lithium batteries: An

experimental and numerical investigation. Appl. Energy 2013, 104, 740–750. [CrossRef]
24. Tommiska, M.T. Efficient digital implementation of the sigmoid function for reprogrammable logic. IEE Proc. Comput. Digit. Tech.

2003, 150, 403. [CrossRef]
25. How, D.N.T.; Hannan, M.A.; Hossain Lipu, M.S.; Ker, P.J. State of Charge Estimation for Lithium-Ion Batteries Using Model-Based

and Data-Driven Methods: A Review. IEEE Access 2019, 7, 136116–136136. [CrossRef]
26. He, H.; Xiong, R.; Fan, J. Evaluation of Lithium-Ion Battery Equivalent Circuit Models for State of Charge Estimation by an

Experimental Approach. Energies 2011, 4, 582–598. [CrossRef]
27. Li, W.; Fan, Y.; Ringbeck, F.; Jöst, D.; Han, X.; Ouyang, M.; Sauer, D.U. Electrochemical model-based state estimation for

lithium-ion batteries with adaptive unscented Kalman filter. J. Power Sources 2020, 476, 228534. [CrossRef]
28. Schwunk, S.; Armbruster, N.; Straub, S.; Kehl, J.; Vetter, M. Particle filter for state of charge and state of health estimation for

lithium–iron phosphate batteries. J. Power Sources 2013, 239, 705–710. [CrossRef]
29. Malysz, P.; Ye, J.; Gu, R.; Yang, H.; Emadi, A. Battery State-of-Power Peak Current Calculation and Verification Using an

Asymmetric Parameter Equivalent Circuit Model. IEEE Trans. Veh. Technol. 2015, 65, 4512–4522. [CrossRef]
30. Yang, R.; Xiong, R.; Shen, W. On-board soft short circuit fault diagnosis of lithium-ion battery packs for electric vehicles using

extended Kalman filter. CSEE J. Power Energy Syst. 2020, 8, 258–270. [CrossRef]
31. Kim, J.; Kowal, J. A Method for Monitoring State-of-Charge of Lithium-Ion Cells Using Multi-Sine Signal Excitation. Batteries

2021, 7, 76. [CrossRef]

https://doi.org/10.1109/INDIN.2015.7281923
https://doi.org/10.3390/wevj10010001
https://doi.org/10.1016/j.jpowsour.2015.01.154
https://doi.org/10.1016/j.jpowsour.2016.05.068
https://doi.org/10.1038/s41586-019-1682-5
https://doi.org/10.1016/j.rser.2021.111240
https://doi.org/10.1016/j.jpowsour.2015.01.072
https://doi.org/10.1016/j.apenergy.2016.08.056
https://doi.org/10.3390/a13030062
https://doi.org/10.1039/D2TA05960F
https://doi.org/10.1149/2.F03122if
https://doi.org/10.3390/en11092191
https://doi.org/10.1149/1945-7111/acb01e
https://doi.org/10.3390/en4111840
https://doi.org/10.1109/ACCESS.2019.2943558
https://doi.org/10.1016/j.est.2020.101890
https://doi.org/10.1149/1945-7111/abd1f1
https://doi.org/10.3390/suschem2010011
https://doi.org/10.1063/1.5052236
https://doi.org/10.1016/j.apenergy.2012.11.046
https://doi.org/10.1049/ip-cdt:20030965
https://doi.org/10.1109/ACCESS.2019.2942213
https://doi.org/10.3390/en4040582
https://doi.org/10.1016/j.jpowsour.2020.228534
https://doi.org/10.1016/j.jpowsour.2012.10.058
https://doi.org/10.1109/TVT.2015.2443975
https://doi.org/10.17775/CSEEJPES.2020.03260
https://doi.org/10.3390/batteries7040076


Batteries 2024, 10, 57 13 of 13

32. Zhang, Q.; Wang, D.; Schaltz, E.; Stroe, D.-I.; Gismero, A.; Yang, B. Degradation mechanism analysis and State-of-Health
estimation for lithium-ion batteries based on distribution of relaxation times. J. Energy Storage 2022, 55, 105386. [CrossRef]

33. Iurilli, P.; Brivio, C.; Wood, V. On the use of electrochemical impedance spectroscopy to characterize and model the aging
phenomena of lithium-ion batteries: A critical review. J. Power Sources 2021, 505, 229860. [CrossRef]

34. Tröltzsch, U.; Kanoun, O.; Tränkler, H.-R. Characterizing aging effects of lithium ion batteries by impedance spectroscopy.
Electrochim. Acta 2006, 51, 1664–1672. [CrossRef]

35. Kim, J.; Kowal, J. A Method for Detecting the Existence of an Over-Discharged Cell in a Lithium-Ion Battery Pack via Measuring
Total Harmonic Distortion. Batteries 2022, 8, 26. [CrossRef]

36. Murer, N.; Diard, J.-P.; Petrescu, B. The effects of time-variance on impedance measurements: Examples of a corroding electrode
and a battery cell. J. Electrochem. Sci. Eng. 2020, 10, 127–140. [CrossRef]

37. Yufit, V.; Shearing, P.; Hamilton, R.; Lee, P.; Wu, M.; Brandon, N. Investigation of lithium-ion polymer battery cell failure using
X-ray computed tomography. Electrochem. Commun. 2011, 13, 608–610. [CrossRef]

38. Chen, H.; Kalamaras, E.; Abaza, A.; Tripathy, Y.; Page, J.; Barai, A. Experimental Study of Sidewall Rupture of Cylindrical
Lithium-Ion Batteries under Radial Nail Penetration. J. Electrochem. Soc. 2022, 169, 120528. [CrossRef]

39. Wu, Y.; Saxena, S.; Xing, Y.; Wang, Y.; Li, C.; Yung, W.K.C.; Pecht, M. Analysis of Manufacturing-Induced Defects and Structural
Deformations in Lithium-Ion Batteries Using Computed Tomography. Energies 2018, 11, 925. [CrossRef]

40. Beltran, H.; Sansano, E.; Pecht, M. Machine learning techniques suitability to estimate the retained capacity in lithium-ion
batteries from partial charge/discharge curves. J. Energy Storage 2023, 59, 106346. [CrossRef]

41. Yang, S.; Xu, B.; Peng, H. Isolation and Grading of Faults in Battery Packs Based on Machine Learning Methods. Electronics 2022,
11, 1494. [CrossRef]

42. Chen, H.; Shen, J. A degradation-based sorting method for lithium-ion battery reuse. PLoS ONE 2017, 12, e0185922. [CrossRef]
[PubMed]

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.

https://doi.org/10.1016/j.est.2022.105386
https://doi.org/10.1016/j.jpowsour.2021.229860
https://doi.org/10.1016/j.electacta.2005.02.148
https://doi.org/10.3390/batteries8030026
https://doi.org/10.5599/jese.725
https://doi.org/10.1016/j.elecom.2011.03.022
https://doi.org/10.1149/1945-7111/acadac
https://doi.org/10.3390/en11040925
https://doi.org/10.1016/j.est.2022.106346
https://doi.org/10.3390/electronics11091494
https://doi.org/10.1371/journal.pone.0185922
https://www.ncbi.nlm.nih.gov/pubmed/29023485

	Introduction 
	Derivation of the State of Usability 
	Classification Scheme 
	Decision Tree 
	Calculation of SOU for Second Life Application 

	Experimental SOU Determination 
	State Estimation 
	Defect and Aging Mechanism Detection by EIS 
	Non-Invasive Defect Detection 
	Data-Driven Approaches 

	Conclusions 
	References

