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The exponential growth of electric mobility requires alternatives to extend the life of batteries in new applica-
tions and reduce the environmental impact of retired lithium batteries. The second life is an economic and
environment-friendly alternative for battery management. The development of fast, low-cost, and reliable
diagnostic methodologies makes it possible to increase the economic benefits and reduce the remanufacturing
time of second-life batteries (SLBs). In the present work, battery state of health (SOH) distribution analysis,
incremental capacity (IC), internal resistance (IR), and electrochemical impedance spectroscopy (EIS) were
applied as diagnostic methodologies for two different chemistries of lithium-ion batteries previously used in
electric vehicles (EV). In addition, module equalization in batteries was done in order to assess whether the state
of module charge (SOC) variation affects the SOH. The results demonstrate that the diagnosis methodology
depends on the chemistry of the battery, and that there is no single reliable diagnostic procedure that can be
applied to all types of lithium-ion batteries. It was determined that the most adequate diagnostic method for LFP
batteries (LiFePO4 cathode) is the IC method, while for NMC batteries (LiNig 33Mng 33C00 3302 cathode) the IR
and EIS diagnostic methods are the most appropriate. Similarly, the present work proposed a simple method-
ology for IC capacity diagnosis and a general expression for SOH determination by IC and incremental voltage
diagnosis of LFP batteries. Higher stability of LFP respect to NMC modules was observed during the SLBs per-
formance, retaining >99 % after 500 cycles for LFP, compared with 90.2 % for NMC. The remaining useful life
(RUL) shows that there are kinetics and lithium inventory changes in the batteries temperature-dependent.

1. Introduction

The use of EV has been growing during the last two decades as a
consequence of greenhouse emission control policies. The global market
is projected to grow from >9 million units in 2022 to >39 million units
in 2030 [1]. Colombia reported 31 thousand electric and hybrid vehicles
in 2023 [2], and is one of the current leaders of the EV market in Latin-
America. The 5 EV with the most units sold in Colombia are Zhidou D2S
(battery 18 kWh), BYD YUAN (battery 50.1 kWh), BYD IDOLPHIN (44.9
kWh), MINI Cooper (32.6kWh), and MAZDA MX-30 (35.5 kWh) [3]. The
lithium battery average life is 7 years, which would correspond to >120
MWh of lithium batteries retired from EV available for second life
application. The second-life batteries have at least 5 years of remaining
life. SLBs can be a solution to store renewable energy. Additionally, the
kWh cost of SLBs is lower (65 USD/ kWh) than new LIBs (209 USD/kHh)
and lead acid batteries (100-200 USD/kWh) [4,5] The remanufacture of
SLBs requires several processes to be implemented, including the
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dismantling of batteries, diagnosis of the SOH for modules or cells, and
classification and reassembly of SLBs [6]. To reduce the process time and
economic cost of SLBs diagnosis it is necessary to develop adequate
testing methodologies to determine whether each individual cell or
module is adequate for continued use in a second application for an
energy storage system [7].

Batteries are constituted by easily dismantable modules, as the union
is by screw or contact without welding unions. The modules are
constituted by series and/or parallel cells configuration that are difficult
and unsafe to dismantle with welding union. Although in other studies
diagnosis was done by individual cells, obtaining a high correlation
between indicators and SOH, the scaling up of the SLBs process by
modules in which several cells in series and/or parallel were connected
requires less time [7]. Studies have demonstrated that cells in series
configuration show slight variations in SOC; these changes can affect the
accuracy of diagnostic methodology [8].
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1.1. Methods of battery diagnosis

Battery degradation can take place due to several factors that affect
SOH, such as loss of lithium inventory, lithium precipitation, electrolyte
degradation, and chemical and structural changes in active materials of
electrodes [9]. Several alternatives to calculate or estimate the SOH of a
battery have been reported in the literature, such as the coulomb
counting method (CCM), internal resistance (IR), incremental capacity
(IC), efficiency of energetic utilization (EUE), voltage fluctuation (AU),
average distance of Fréchet (ADF), and electrochemical impedance
spectroscopy (EIS). CCM is one of the most useful and direct techniques
used to calculate the SOH, however, it requires more time than other
methods.

Internal resistance can be calculated according to Eq. (1). Also, in-
ternal resistance (IR) is made up of ohmic resistance and polarization
resistance, as described by Eq. (2). Internal resistance depends on SOC
and SOH; for this reason, to estimate SOH in modules or batteries with
series or parallel cell configurations high equalization between cells is
required (same SOC) in order to increase the SOH estimation accuracy
[10].

IR = (VOCp — Vi)/[o}zc (l)

where “Vocp” is the open circuit potential (OCP), which depends on SOC
and SOH of the component and “Vi” is the voltage when the current
“lo.2c” is applied. A current equivalent to 0.2C is recommended.

IR = Rohm +Rp ()]

where “Rohm” is the ohmic resistance associated with electrolyte resis-
tance and the resistance of electronic components and “Rp” is the po-
larization resistance, whose value is affected by the charge transfer
resistance and the diffusion resistance of the cells. IR affects the voltage
drop during discharge as described by Eq. (3), and therefore the energy
density drops. The difference between charge and discharge voltage is
called the hysteresis effect, and this effect depends on the IR [11].

Vdis = Vocp-Idis' IR 3

where, “Vdis” is the voltage drop during discharge, “Vocp” is the open
circuit voltage, “Idis” is the current during the discharge and “IR” is the
internal resistance evaluated by Eq. (1) [8,12]. As can be seen from Eq.
(3), discharge processes at high C-rates produce high voltage drops.
The real energy density is lower than the theoretical energy density
as a consequence of the limitations of different cells, such as structural
defects, voltage drops at high C-rates or partial structure lithiation-
delithiation during the discharge-charge process under high C-rate
conditions. The kinetics of charge/discharge processes in lithium bat-
teries depend on factors such as electronic conductivity, ionic mobility,
diffusion constants, the morphology of the active material and the
possible presence of discontinuities. Additionally, during the calendar or
cycle life of lithium-ion cells, some degradation processes can take place,
generating a loss of active material, microcracks and resistive layers,
which in turn slow the intercalation processes of the lithium ions and
decrease electronic conductivity. The lithium content in the electrolyte
can be reduced by the formation of compounds from side reactions on
the active material, generating lithium-inventory reduction in the
electrolyte. All these factors affect the capacity, the state of health (SOH)
and the C-rate performance, and promote dendrite formation which
short-circuits the electrodes [12]. The calendar life or cycle life is
correlated with the SOH of batteries. Several aspects like chemical and
structural features of active material, working temperature, overcharge
or over-discharge events and prolonged storage periods of the batteries
accelerate the degradation processes [13]. The degradation process
causes capacity loss and C-rate drop during calendar and cycle life,
depending on internal resistance increases, solid electrolyte interphase
(SED) growth, lithium inventory loss, and lixiviation of the active
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material, whose degradation rate increases with the temperature, C-rate
and depth of discharge (DOD) [14]. The electrical parameter changes in
the cathode, anode, electrolyte and diffusion process can be calculated
by electrochemical impedance spectroscopy (EIS) [14,15].

The SOH is the percentage of nominal capacity that the battery,
module, or cells retain after several days or cycles under operation. The
SOC provides information about the current energy amount stored in the
battery. State of charge (SOC) and state of health (SOH) are determined
by CCM, as described by Egs. (4) and (5), respectively [16]. The SOH
determination is calculated conventionally by full charge-discharge
cycle, and SOC can be calculated by the instantaneous current inte-
gral, as described in Eq. (4). Diagnostic accuracy of modules or batteries
presents slight variation as a result of variations in SOH and SOC of cells
in series or parallel cells; the cells show variations in their own internal
resistance and EIS parameters, and the values are the average perfor-
mance of all cells, obtaining a poor correlation between the electrical
parameters and the SOH of the battery. Nevertheless, dismantling the
batteries or modules in individual cells requires more time, is a
dangerous process and increases the diagnostic cost.

soc— [ [Bat dt + SOCini @
" J,, Nominal capacity*SOH
SOH — Actual capacity 100 )

Nominal capacity

where, IBat is the instantaneous charge or discharge current applied to
the battery, SOCini is the initial state of health charge of battery, and
SOH is the initial state of health (conventionally set at 100 %). The CCM
is the most applied diagnostic method given that prior calibration curves
are not required. Nevertheless, Eq. (4) supposes both stable SOH and
coulombic efficiency, disregarding their variation during cycle life. This
induces a progressive error during the measurement. In addition, esti-
mating the SOH and SOC by cell voltage, EIS, IR or artificial intelligence
shows a high level of error given that the voltage measurement depends
on the current applied during charge or discharge, as is described by Eq.
(3). The artificial intelligence methodologies such as “average Fréchet
distance” require a high amount of data, and there is high variation
between the modules or cells [11].

Aging study by EIS is a fast diagnostic method; however, a deep
understanding of the electrochemistry of the process involved is
required to analyze the results and it is very sensitive to the SOC,
obtaining a poor correlation with SOH as a consequence of unbalancing
between cells or modules of the battery [15].

The incremental capacity (IC) diagnostic method studies the aging
mechanism by the charge profile derivation as described in Eq. (6). The
method identifies whether capacity is lost by lithium inventory, active
material degradation, or kinetic changes [8,17]. The charge capacity
derivation described in Eq. (6) can be obtained under constant current
(AI = 0), so the equation is simplified. This method is additive, and the
total contribution is the sum of the contribution of series or parallel cells
arrangement. This characterization method requires a calibration curve
for each reference of module or battery [8,17]

_dQ _ dQ _dQ
" dVk ~ dVocp + RAI ~ dVocp

IC ©

Additional methods estimate the current capacity or the capacity lost
by the imbalance or ohmic drops between cells in series configuration.
Energy utilization efficiency (EUE) evaluates the SOC equalization de-
gree of modules or cells to estimate the current capacity of the battery. It
also evaluates the effect of cell aging on the SOH of the battery [18]. EUE
can be obtained according to Eq. (7), which is the ratio between the
battery capacity and module capacity. The numerator of the equation is
obtained from C-rate experiments and the denominator is obtained from
discharge performance at low C-rate, typically at 0.1C.
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Battery capacity Y0 " (Uocv, i(t).I — Ri(t) I )

EUE =
Module capacity SV .Qi.Uav

@)

where “Uocy” is the average open circuit potential, “At “is the discharge
time, “Uocv,i(t)” and “Ri(t)”, are the changes of OCP and IR during
discharge, respectively [18].

Alternative methodologies such as voltage variation have been pro-
posed to estimate the equalization of cells in the batteries and establish a
linear correlation with SOH (see Eq. (8)) [19]. The voltage variation is
more evident at low SOC (0-10 %). The high values of maximum voltage
variation (AUpg) suggest a noticeable capacity loss due to poor cell
equalization and, despite high SOH in individual cells, the effective SOH
of modules or batteries is lower.

AUmax = Umax — Umin (8)

where “Umax” is the maximum voltage in the series cells and the “Umin”
is the minimum in the series cells.

The average Fréchet distance is an artificial intelligence technique
which estimates SOH by comparing experimental charge-discharge
profiles with profiles under several previously collected SOH and C-
rates to identify profiles with higher similarity. The average Fréchet
distance diagnosis is adequate for in-operandum cells and requires a
high amount of data for comparison purposes, as well as advanced
software and advanced processor for data analysis [15,20]. The
following criteria are applied for the characterization.

1. Two or three representative curves are selected.
2. The curves are fragmented in sections to identify the sections with
higher differences.

The remanent cycle life can be estimated by coulombic efficiency
analysis with ultra-high precision charger (UHPC), prolonged cycling
tests under atmospheric conditions and cycling test at high temperatures
to accelerate the degradation process [21,22] [14,23] The coulombic
efficiency analysis is adequate for individual cells; given that is highly
sensitive to experimental conditions, a rigorous standardization of
chemical compositions, manufacturing conditions and environment
temperature (0.1 °C) is necessary [21,22]. There are many studies re-
ported in the literature that combine experimental data with statistical
models project the remaining useful life without a long cycling test
[23-26], evidencing lack of reliability of that studies. These models
depend on chemistry, the morphology of active material, cells geometry,
and operation conditions of the battery.

SLBs require adequate business management of diagnostic processes
on modules in order to reduce dismantling and remanufacturing costs
and estimate the RUL [27,28]. Although previous works implement
diagnostic estimation metrologies on cells with high accuracy [29,30],
for SLBs, scaling up the SOH diagnosis on modules requires a better
understanding of correlation between several diagnosis techniques such
as incremental capacity analyses, internal resistance changes, electro-
chemical impedance spectroscopy and process changes during the
remaining useful life of LFP and NMC chemistries. This work aims to
combine different methodologies to estimate the SOH in modules of LFP
and NMC chemistry, to obtain a better understanding of SOH variation
and the equalization of modules and to select the most adequate diag-
nosis method for each battery chemistry. In addition, a view to identi-
fying the kinetic variations and the degradation mechanism during
remaining cycle life (RUL) at several temperatures and develop a general
equation for accelerated aging studies in lithium cells understanding the
mechanism of cell degradation. Facing these challenges and the ob-
tained experimental results constitute the prime novelty and the con-
tributions of the current work. Furthermore, several alternatives such as
statistical SOH distribution, Incremental capacity (IC), incremental
voltage (IV) internal resistance (IR), voltage variation in series sections
and electrochemical impedance spectroscopy (IV) were explored to
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establish diagnostic methodology accuracy and alternatives for SOH
determination in second-life batteries. Additionally, a deep under-
standing of charge profile by the incremental capacity is achieved, with
the comparison between experimental IC and calculated IC profile of
LFP and NMC chemistry.

2. Experimental metodology

Two LFP EV batteries of 634 V - 9 Ah (nominal capacity of individual
cell = 4.5 Ah), from an electric bus, were evaluated. The battery
configuration was 192S2P (192 cells in series-2 cells in parallel), with 10
18S2P modules (59.4 V) and 1 12S2P module (39.7 V). The LFP modules
were fragmented into two 9S2P semi-modules to fit to the voltage limit
compliance of the multichannel equipment (60 V). The cycling test for
SOH and initial SOC measured was done under constant current (CC)
conditions at 9 A- 1C (2P) until reaching 31.5 V (9S), followed by OCP
(5 min) and finally discharge at —9 A — 1C (2P) until reaching 22.5 V
(99).

Two NMC EV batteries of 350 V — 60 Ah (nominal capacity of indi-
vidual cell = 30 Ah) from an electric vehicle with battery configuration
of 96S2P, and 48 2S2P modules (7.5 V-60 Ah) of cells of 3.75 V 30 Ah
were also evaluated. The cycling test for SOH and initial SOC measured
was done under constant current-constant voltage charge process
(CCCV) conditions, the first step at constant current of 12 A- 0.2C (2P)
until reaching 8.25 V (2S), the second step at constant voltage of 8.25 V
until the current was lower than 2 A (0.033C), followed by OCP (30 min)
and finally discharge at —12 A — 0.2C (2P) until reaching 5 V (2S).

LFP and NMC batteries modules were tested according to battery’s
characteristics and following the consecutive order: 1) inspection and 3
months of storing; 2) voltage measurement of the battery and series
sections to select the batteries suitable for the study; 3) discharge at 1C
for LFP batteries and at 0.2C for NMC batteries to measure initial SOC; 4)
3 cycles of charge-discharge at 1C for LFP batteries and 1 initial cycle for
NMC batteries at 0.2C, followed by a further 3 charge-discharge cycles
after 20 days to determine the SOH; 5) voltage measurement at SOC of
100, 90, 20, 10, 0 %) to evaluate voltage variation at several SOC, IR
measurement at SOC of 0, 10, 20, 30, 40, 50, 60, 70, 80, 90, 100 %; and
7) EIS Measurement at SOC of 0, 10, 20, 30, 40, 50, 60, 70, 80, 90, 100 %
to evaluate the correlation of IR and electrical parameters of EIS with
SOH at several SOC. Fig. 1 shows a flowchart of the performed experi-
mental procedure.

Charge-discharge tests for SOH and SOC-initial evaluation of the
modules were done in an Arbin multichannel 60 V-15 A, and the elec-
trochemical EIS measurements were done in a SOLATRON 1470
equipment with module configurations 3S2P for LFP and 2S2P for NMC.
The cell RUL was done at 1C (NMC = 30 A, LFP = 4.5 A) under tem-
peratures of 20, 40 and 50 °C in SOLATRON 1470 equipment with a 6 V-
100 A booster. The temperature was controlled in a forced convection
oven BINDER KB115. Charge profile for IC analyses was smoothed by
Savittzky-Golay method, 70 points 2nd order polynomial.

3. Results and discussion
3.1. SOH diagnostic

The SOH distribution of modules in the battery constitutes an
alternative for studying the temperature gradient effect on capacity
fading and the preferable location of modules with lower SOH [8].
Fig. S1 shows the SOH of the randomly distributed modules in LFP
battery; no preferable effect of the location of the modules on the aging
is observed. These results suggest the existence of an adequate heat
dissipation system in the EV and indicate that a random sample is
representative of SOH in the modules of battery.

Frequency distribution analysis was done to evaluate the statistical
SOH distribution of modules and determine SOH of all modules in bat-
tery. The equation of normal distribution is described in Eq. (9).
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Fig. 1. Squematic flowchart of the experimental procedure.
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where “p” is the mean and “c” is the standard deviation.

Fig. 2 shows the SOH frequency distribution of LFP batteries and
NMC batteries. Both batteries demonstrate a normal SOH distribution
with medians of 65.0 % and 60.7 %, and SOH standard deviations of 3.4
% and 2.1 % for LFP and NMC modules, respectively. These results
suggest that the complete diagnosis of all modules is not required and a
representative sample of them could be enough to diagnose the battery.

Other alternatives have been explored to evaluate the SOH of mod-
ules in order to study degradation mechanisms and reduce the diag-
nostic time. Several studies have demonstrated a linear correlation
between SOH vs. voltage variation and the equalization of modules. In
addition, IR increases with the capacity fading, and SOH correlation
with incremental capacity (IC) and EIS parameters, and decrement of
coulombs efficiency with the capacity fading has been corroborated
[19].

Fig. 3a-b shows the analysis of initial SOC in order to evaluate the
equalization of modules and the effect on battery SOH for LFP and NMC

batteries. The results showed higher equalization than that reported by
Y. Jiang et al. [8], for both chemistries. The battery capacity can be
increased by 16.8 % and 15.2 % with the equalization of module in the
LFP and NMC batteries, respectively. X.Li et al. estimated the equal-
ization effect on SOH by voltage variation (AU) between series config-
urations, obtaining the highest R? (0.927) at SOC of 10 % [19]. The
AUmax of a battery is measured according to Eq. (8) and the correlation
with SOH was evaluated. Nevertheless, as shown in Fig. 4a-b, higher
equalization than that reported by Y. Jiang et al. [8] is obtained, and
SOH variation is lower in this study (64-75 %) than those reported by
other authors (63.4-96.1 %) [19]. The linear relationship between AU
and SOH shows a lower correlation, obtaining R of 0.07 and 0.12 for
LFP and NMC modules, respectively, see Fig. 3c, d and Fig. S2 in sup-
porting information. These results suggest that the SOH of modules was
not affected by the equalization of cells. Currently the continuous
development of electronic control systems in batteries has improved the
equalization systems of modules in the EV.

Incremental capacity “IC” (dQ/dV) allows the SOH of modules and
degradation mechanism to be estimated. For a better understanding, IC
was first calculated for a full-cell charge profile, starting from pristine

>
o
=
3
o
o
-
=

SOH (%)

SOH (%)

Fig. 2. SOH distribution frequencies diagram for (a) LFP modules and (b) NMC modules.
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cathode half-cells. (b, e) Calculated full-cell charge profile. (c, f) IC of calculated charge profile. (a), (b), (c) correspond to LFP battery; (d), (e), (f) correspond to

NMC battery.

half-cells assembled with cathode and anode as working electrodes,
lithium foil as a counter and reference electrode and 1 M LiPF6- ethylene
carbonate (EC): dimethyl carbonate (DMC) (1,1 v/v) as electrolyte.
Fig. 4 (a) and (d) show the charge profile of cathode and anode half-cells
of LFP and NMC chemistries, respectively. Fig. 4 (b) and (e) show the
calculated charge profile for full LFP and NMC batteries. Fig. 4 (c) and (f)

show the IC profile for calculated charge profiles of the full batteries.
The IC profile of the LFP cell shown in Fig. 4c displays peaks at 3.41,
3.36 and 3.28 V, named peak 1, 2 and 4, respectively and one shoulder at
3.35V, named peak 3. Peak 1 is associated with the variation of lithium
inventory, peak 2 is associated with reaction kinetics variation, and peak
4 is associated with cathode material degradation. Simultaneous
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variation of peaks 1, 2, and 4 has been associated with the degradation
of the active material of the anode [8]. The LFP charge profile was 46.15
% of the total area of peak 1, and when the battery degradation is
affected just by lithium inventory the intercept of the correlation
equation with SOH is equal to this area. The IC profile of NMC cell
shown in Fig. 4f displays peaks at 4.11, 3.90, 3.58 and 3.30 V, named
peaks 1, 2, 3 and 5, respectively and one shoulder at 3.50 V, named peak
4. Peak 1 is associated with the variation of lithium inventory, and peaks
3 and 5 are associated with cathode material degradation. Simultaneous
variation of peaks 1, 2, 3 and 5 has been associated with the degradation
of the active material of the anode. The NMC charge profile shows that
the area of peak 1 in Fig. 4f is equal to 23.85 % of total charge capacity,
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being lower than that observed for LFP battery. Hence, if the SOH of the
NMC is affected by lithium inventory, peak 1 cannot be observed at SOH
lower than 76.15 %.

Fig. 5 (a) and (c) show characteristic charge profiles of LFP and NMC
of used EV batteries, respectively. The voltage was normalized with the
series cells number. Fig. 5 (b) and (d) show the capacity derivation
concerning voltage (IC plots) for several LFP and NMC modules, for the
evaluation of the variations of the voltage and peak areas. The LFP
characteristic charge profile in Fig. 5a shows plateaus at 3.25V, 3.35V
and 3.4 V; these correspond to the main peaks in the IC profile in Fig. 5b,
named 4, 2 and 1, respectively. The IC plot of LFP batteries shows higher
variation of peak 1, lower variation of peak 2, and no significant changes
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Fig. 5. (a) Characteristic LFP charge profiles at 0.5C - 20 °C. (b) Incremental capacity analysis of modules with different SOH. (c) Characteristic NMC charge profiles
at 0.2C - 20 °C. (d) Incremental capacity profiles of NMC modules with different SOH. Correlation between IC-peak area 1 (A1) and SOH for (e) LFP and (f)
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in peak 3. The peak area 1 (A1) shows an adequate linear correlation
with the battery SOH; this can be observed in Fig. 5e, which shows that
the R? for the linear fit was 0.92. The linear fit between SOH and peak
areas 1 and 2 (A1 + A2) was quite good (R% = 0.99, see Fig. S6a in the
supporting information). These results indicate that correlation between
SOH and IC can be improved if lithium inventory and reaction kinetic
variation are included in SOH estimation by IC analyses. Experimental
Al of LFP IC profile also shows good correlation (R? = 0.98) with SOH,
as can be seen in Fig. S6b in the supporting information.

NMC modules show plateaus at 3.85 V and 4.05 V in the charge
profile, see Fig. 5(c). Those plateaus correspond to the peaks named 5
and 3 in the IC profile (Fig. 5(d), respectively. Additional peaks appear,
given that in the NMC cathode material three oxidation processes take
place at different voltages. For the NMC batteries the IC plot shows low
variation of the peaks 3 and 5 with respect to SOH values. Peak areas 3
and 5 (A3, A5) show a poor correlation with the battery SOH, as can be
observed in Fig. 5f (R =0.46) and Fig. S3a (R%=0.28). Voltage of peaks
3 and 5 shows a low correlation with the battery SOH, as can be
observed in Fig. S3b (R% = 0.0.01) and S3c¢ (R = 0.1) in the supporting
information, respectively. The voltage shift of peak 5 was evaluated for
SOH monitoring by voltage evolution, as recommended by other authors
[31]. However, the SOH estimation by voltage evolution of peak 5 of the
IC profile shows a poor linear correlation of R? = 0.10, as can be seen in
Fig. S3c in the supporting information. These results suggest that IC
analysis is not an adequate methodology to estimate the SOH of NMC
modules.

Conventional IC calculation requires 3 steps to obtain the high
voltage plateau capacity: i) smoothing, ii) (6Q/dV) derivative and iii)
integratation of the Al peak to calculate the peak area. Alternatively, a
methodology to calculate the high voltage plateau capacity (PC1) by the
second derivation of voltage with respect to capacity (5%V/dQ?) can be
implemented to obtain the capacity in only 2 simple steps that are
simultaneously executed (smoothing and second derivation). The sec-
ond derivation of voltage with respect to capacity is equal to zero (52V/
dQ? = 0) at the transition between plateaus, as can be observed in Fig. 6
(a) for the LFP battery, and the magnitude between the inflections (two
red points) is equal to the capacity of high voltage plateau “PC1” (peak 1
area in Fig. 6(a)). Correlation between SOH and the capacity of high
voltage plateau of a LFP battery shows the same R? as that obtained by
(6Q/dV) derivate. In addition, the normalized capacity of the high
voltage plateau was calculated in order to obtain the correlation be-
tween SOH and the last plateau capacity independent of LFP cell nom-
inal capacity, see Eq. (10). The normalized PC1 is dimensionless.

PC1 (Ah)

N i PCl=————-
ormalized PC NC (Ah)

10
where PC1 is the capacity (Ah) of high voltage plateau and NC is the
nominal capacity reported in the technical datasheet of the cell or bat-
tery. The fitting results include three LFP cells of different trademarks
(100 Ah, 3.3 V), two with 100 % SOH and one with 93.3 % SOH. Fig. 6b
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shows excellent linear correlation (R% = 0.99) SOH and normalized PC1.
The correlation equation in Fig. 6b is adequate to estimate the SOH of
LFP cells with the normalized PC1 calculated from 52V/dQ? plot and the
intercept of linear correlation (47.12) agreed with the intercept esti-
mated from calculated IC profiles (46.15).

It is well known that the degradation of lithium batteries increases
the resistance of electronic components and limits the kinetic and mass
transport processes. The internal resistance (IR) measurement of mod-
ules and batteries allows the SOH of batteries to be estimated and can
show a good correlation with coulombic efficiency (CE). The IR mea-
surement is a low cost and fast (30-50 ms) diagnostic alternative to
estimate SOH. IR value depends on ohmic resistance (electrolyte and
electronic component) and on the polarization resistance (electro-
chemical kinetics of cell process), as was indicated in Eq. (2). The po-
larization resistance variation is correlated with active material
degradation and with solid-electrolyte layer formation (SEI) [12]. The
polarization resistance is actually SOC-dependent. Consequently, IR is
also SOC-dependent, as can be evidenced in Fig. S3c. On the other hand,
the ohmic resistance is not SOC-dependent. The IR - SOC dependence
means that the IR diagnosis must be carried out under the same SOC in
battery modules; nevertheless, the correlation also depends on the
equalization degree of the cells disposed in series arrangements in the
modules. For this reason, IR diagnosis requires a calibration process for
each module or battery, given that in practical cases the retired batteries
from vehicles arrives under a different SOC and the IR-SOC correlation
can increase if diagnosis is done on individual cells. Commonly, SOH
diagnosis requires complete charge and discharge processes, which take
time to acheive. Fig. 7 displays the correlations of SOH-IR (65 % SOC)
and SOH-CE for LFP and NMC batteries. The correlation analysis does
not show good linear correlation between IR and CE for LFP modules,
with values of R? equal to 0.04 and 0.17, respectively. Nevertheless,
better correlation for NMC batteries was found, as shown in Fig. 7b, d.
NMC batteries experience an acceptable linear relationship between IR
and CE with SOH, with values of R? = 0.76 and 0.68, respectively. These
results indicate that the chemistry of the battery influences the results of
the diagnosis test. The significance of the diagnosis method and its
correlation with SOH depends on the battery chemistry. It is also high-
lighted that IR and CE allow acceptable diagnosis of the SOH of NMC
modules, while these parameters do not enable the SOH for LFP batteries
to be estimated.

Kinetics parameters that influence the electrochemical performance
of lithium batteries were studied by electrochemical impedance spec-
troscopy (EIS). EIS measurements were performed at configuration 3S2P
for LFP modules and at 2S2P for NMC modules. EIS is a non-destructive
technique that is sensitive to SOH and SOC, given that electronic con-
ductivity and lithium mobility depend on vacancies, phase transitions,
oxidation state and volumetric changes of the active materials present in
the electrodes during the charge-discharge processes. Global SOH of
modules with series or parallel cell configurations are influenced by SOC
or SOH of individual cells and the electrical parameters are sometimes
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Fig. 6. (a) Second derivation of charge profile at 1C. (b) correlation between the normalized LFP high voltage plateau capacity and SOH.
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respectively.

not representative of the module’s global SOH [19]. Fig. 8 shows EIS
results (Nyquist plots) of LFP 3S2P modules and NMC 2S2P modules.
The inductive region at high frequencies (> 0.42 kHz) in the Nyquist
diagram of EIS measurements was not shown, to facilitate the EIS
analysis. Two overlapping loops at high-intermediate frequencies,
~30-45 Hz for negative electrode and ~ 0.1-2.4 Hz for positive elec-
trode, were associated with the charge transfer process in parallel with
double-layer capacitance [32]. These processes were considered in se-
ries configuration in the electrical equivalent circuit shown in Fig. 8 and
used to fit the experimental values of EIS measurements. The linear tail
at lower frequencies (<100 mHz) associated with the diffusion process
was fitted with the constant phase element (CPE) as described by Bis-
quert [33,34]. The intercept at high frequencies is associated with the
resistance of the electrolyte and electronic part of modules. In can be
seen in Fig. 8a that the charge transfer resistance of cathode material at
0% SOC is higher than at 10 and 30 % SOC, indicating that the vacancies
generated at high SOC in the cathode improve the internal conductivity
of the battery. This is also true for NMC chemistry, see Fig. 8b. The
comparative analysis of Nyquist plot of the EIS measurements at 0 and
10 % SOC for several sections of the LFP 3S2P modules indicates that
there is no correlation between EIS and SOH (see Table S1 Fig. 8c, e).
Conversely, NMC modules show increasing impendance of 3S2P with
the SOC, see Fig. 8 (d) and (f). Also, the electrolyte resistance increases
with SOH.

The EIS experimental results were fitted with the electrical equiva-
lent circuit (EEC) in Fig. 8. Table S1, in the supporting information,
shows the values of the electrical parameters extracted from the fit of EIS
with EEC. Although several relationships were explored between SOH
and the electrical parameters of EIS for LFP batteries, no good correla-
tions were evidenced, Fig. 9a. Meanwhile, for NMC modules acceptable
correlation (R? = 0.78) was evidenced between SOH and the charge
transfer resistance of the anode/electrolyte interface (Rctl), see Fig. 9b.
Additional relationships were explored between SOH and other

electrical parameters of EIS (shown in Table S2) for NMC batteries, and
no correlation was evidenced.

The summary of the performance and comparative correlation be-
tween LFP and NMC EV modules are shown in Table 1 for two batteries
(B1 and B2). The results show similar SOH for NMC and LFP modules.
The correlation analysis with several diagnostic methods demonstrates
that PC1 is the most suitable method for LFP battery modules with, a
correlation coefficient of 0.99 and a test time of 48 min. The other
diagnostic methods show a poor correlation. On the other hand, internal
resistance and Ret1 of EIS are the most suitable methods for diagnosis of
the NMC modules, with R? values of 0.76 and 0.78 and test times of 30
min and 10 min, respectively. The other diagnostic methods show a poor
correlation with the SOH. Potential variation “AU” in the series cells
showed poor correlation with SOH, indicating that the slight SOC vari-
ation between modules (around 5 %) does not affect the capacity of the
batteries. It is important to highlight that all the selected diagnosis
methods with a high correlation coefficient with SOH have a lower
testing time than the conventional charge-discharge method used to
estimate the SOH.

Nevertheless, as shown in Fig. S4 in the supporting information, the
SOH of NMC modules on cycle 1 decreases proportionally with storage
time (from dismantling to diagnosis) suggesting that this effect induces
errors on NMC SOH estimation by discharge capacity on cycle 1. The
capacity lost during storing time was recovered after 50 cycles (11.96 +
1.75 %) as can be observed in Fig. S4a (supporting information).

The LFP modules do not show a correlation between discharge ca-
pacity on cycle 1 and storage time before diagnosis, and the capacity
recovered after 50 cycles was 1.0 + 0.7 %. These results suggest that the
diagnosis of NMC modules has to be done as fast as possible (< 15 cal-
endar days) to improve the accuracy of SOH estimation.

Evaluated batteries show high equalization and the homogeneity of
SOH suggests that statistical analyses can be done to diagnose just one
representative sample of the modules of the battery. The experimental
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Fig. 8. EIS analysis of LFP modules 3S2P and NMC modules 2S2P (a) LFP SOC effect. (b) NMC 2S2P SOC effect (c, e) LFP SOH effect at 0 and 10 % SOC, respectively.
(d, f) NMC 2S2P SOH effect at 0 and 25 % SOC. Gray frequencies (anode), Magenta frequencies (cathode). Dots experimental, line fitting. (For interpretation of the
references to colour in this figure legend, the reader is referred to the web version of this article.)

equation for SOH measurement by IC shows a good agreement with IC of
the calculated charge profile and good correlation (R? = 0.92). How-
ever, the degradation mechanism showed changes in lithium inventory
and in the kinetics of the process. Therefore, as shown in Fig. S6a, the
general equation taking into account both effects improves the corre-
lation (R? = 0.99).

The incremental capacity for NMC chemistry showed a poor corre-
lation with SOH due to the high number of plateaus observed in the
charge profile and a general equation for estimate SOH by IC can not
obtained due to variation in charge profiles of comercial cells caused by
the changes in the Ni/Mn/Co ratios. NMC modules or cells showed a
good correlation between SOH and the changes in charge transfer
resistance on the anode/electrolyte interface (Rct1)-EIS (R? = 0.78) and
internal resistance (R = 0.76) done at intermediate SOC.

3.2. Remaining useful life (RUL) for LFP and NMC batteries

The remaining lifetime has been evaluated conventionally by long-
term cycling test at 20 °C or by high temperature cycling test
(30-60 °C). The last condition is commonly conducted to accelerate the
degradation process of the lithium cells. Fig. 10 shows the long cycling
test carried out on LFP and NMC modules at 20 °C. LFP modules, with an
initial SOH of 64 %, showed high-capacity retention after 500 cycles (99
%). A slight capacity drop (2 %) after stopping the cycling process oc-
curs; however, it is recovered in the following cycles. Meanwhile, NMC
modules with an initial SOH of 70 % showed high capacity recovery
during initial cycles and a high capacity retention up 360 cycles (2.2 %
capacity loss), see Fig. 10b. However, after 360 cycles the capacity fell
strongly and a capacity loss of 9.8 + 4.9 % after 500 cycles was



F.A. Vasquez et al.

Journal of Energy Storage 105 (2025) 114725

(a) [LFP R*=0.15 (b) |NMC
76+ 72
744
714
72 .
S S
S < 701
= 704 =
c o
7 68+ < 69
66+ | -
Qi 681 SOH (%) = 82.40 - 183323.49 * R | o
o : 7 LR =078
T T D T T T T T
0.002 0.003 0.004 500.0p  550.0u4 600.0p 650.0p 700.0p  750.0p
Ret | (ochm) Ret 1 (ohm)

Fig. 9. (a) Correlation Retl — SOH for LFP modules at 10 % SOC (additional electrical parameters in supporting information Table S1) (b) Correlation Rct1-SOH for
NMC modules at 25 % SOC (additional electrical parameters in supporting information Table S2).

Table 1
Performance summary of LFP EV batteries and NMC EV batteries, and correla-
tion between diagnostic methods and SOH.

Parameter LFP EV battery NMC EV battery
Test time (min) 240 600

. . Bl 5.92 + 0.20 36.67 + 1.02
Discharge capacity (Ah) B2 5.77 £ 0.15 38.78 + 0.43

Bl 65.77 £ 2.23 61.11 +£1.71
0
SOH (%) B2 64.15 + 1.66 64.64 + 0.71
Test time (min) 240 240
correlation SOH-CE
R? 0.17 0.68
Test time (min) 1 1
correlation SOH-AU
R? 0.07 0.12
Test time (min) 48 124
correlation SOH-IC-A3
R? 0.92 0.51
Test time (min) — 124
correlation SOH-IC-V-P5 -
R? 0.70
Test time (min) 48 —
correlation SOH-PC1 -
R? 0.99
Test time (ms) 30 30
correlation SOH-IR
R? 0.04 0.76
Test time (min) 10 10
correlation SOH-Rct 0.15 0.78
R2
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evidenced. The lower stability and strong capacity fading of NMC
modules occured because the cycling process was performed at 100 %
depth of discharge (DOD), as was described by J. de Hoog et al. [35]. At
high DOD, the capacity retention of NMC modules is lower than LFP
batteries and the cycle life of NMC is reduced. On the other hand, when
the DOD applied is moderate, i.e. around 60 %, the cycle life can be
increased by around three times in NMC batteries. These results
demonstrate that an adequate Battery management system (BMS) DOD
control for NMC modules is required to prevent the fast capacity fading.

The LFP modules showed low capacity loss after 500 cycles (1 %).
Therefore, a long cycling test or accelerated cycling test at high tem-
perature is required to evaluate the remaining useful life (RUL) until
achieving capacity loss close to 10 %. The cycle life is determined by
degradation reaction kinetic (igeg.) of the active materials present in the
electrodes, which depends on the temperature and overpotential, as can
be inferred by Butler Volmer Eq. (11).

. . O(Tl()F
ldeg, =l exp| — RT s

where, F is Faraday constant, T is the temperature, R is the ideal gas
constant (8.314 J mol ' K1) “ip” is exchange current density, a is the
charge transfer coefficient, “ny” is the number of transferred electrons
and 7, is the over-potential. In addition, the capacity loss “Qyss” can be
calculated according to Eq. (12), which is the transformation of Eq. (11).
In that expression, capacity loss “Qyss” is the product of the kinetic of
degradation reaction “igeg.” (Eq. (11)) and time or number of cycles “n”.
The factor “angFy;” is equal to Ea in Eq. (12) and exchanging current “ip”
is equivalent to “A” constant in Eq. (12). In summary, from the product
of Eq. (11), number of cycles and the introduction of stress factor “z”
which describes changes in degradation mechanism, an Arrhenius type
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Fig. 10. Cycling test (a) LFP modules M1-M3 at 1C. (b) NMC modules M1 and M2 at 0.2C.
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Eq. (12) can be obtained [36].

W)
Qloss =A%e (Tl)

Fig. 11 shows the dependence on temperature of capacity fading of
LFP modules retired from EV with an initial SOH of 66 %. The capacity
retentions after 350 cycles at temperatures of 20, 40 and 50 °C were
99.5 %, 95.5 % and 12 %, respectively. As can be seen, capacity fading
was accentuated at higher temperatures. At 50 °C a sudden capacity loss
was observed after 230 cycles; this fast capacity fading can be associated
with the local short circuit of cells. The capacity changes were studied by
incremental capacity, as shown in Fig. 11b-c. Peak area 1 starts to
decrease after 100 cycles at 20 and 40 °C and starts to decrease from the
first cycle at 50 °C, see Fig. S5a in the supporting information. Peak area
2 increases with the cycle number at 20 and 40 °C, and at 50 °C tends to
be almost stable after 100 cycles, see Fig. S5b in the supporting infor-
mation. The increase in peak 2 demonstrates that cycling activates re-
actions involved in the charge process and this activation takes place at a
lower number of cycles at 40 and 50 °C and demands more cycles at
20 °C. These results suggest that degradation products precipitate on
electrodes consolidating a resistive layer that could lessen the kinetics of
the charge-discharge process, affecting the battery performance. This
passive layer could be released with increasing temperature or the
number of charge/discharge cycles, which agrees with the suddenly
capacity drop after stopping the cycling test and its recovery when the
cycling test is resumed, as was shown in Fig. 10. In addition, increasing
voltage in peaks 1 and 2 was evidenced, being more noticeable at 40 and
50 °C, as can be seen in Fig. S5c-d, in the supporting information.

The logarithmic form of Eq. (12) is expressed in Eq. (13), where the
stress factor “z” is the slope and the intersect “k” is described by Eq. (14).
Linear correlations between In (n-number of cycles) vs. In (Qqss-capacity
loss on the second life used battery) were plotted in Fig. 12a. Also, the plot
between (1/RT) vs. (k) shows a linear relationship, as shown in Fig. 12
(b). The activation energy of the degradation process “Ea” is the slope of
the line observed in Fig. 12(b), and the intersect is In(A). The Ea, and A

(12)
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are not temperature-dependent.

In (Quss) = In(A) — ( 13)

k = In(A) — (%)

The fitting results of the RUL parameters (z and k) for LFP batteries at
several temperatures, 100 % DOD and 1C are presented in Table 2. Stress
factor “z” decreases with temperature (see Table 2), suggesting changes
in degradation mechanism. The change in the stress factor is inversely
proportional to the temperature, as described by Eq. (15) with an R? of
0.99 (see Fig. S7). Values of “z” higher than 0.5 were obtained in the
current study, indicating that there are additional processes to the loss of
lithium inventory involved in degradation mechanism of the cells, such
as degradation of active materials [36].

Ea
R_T) +zln(n)

14)

z=10.61—-0.03*T (15)

According to the fitting results a general equation that describes the
capacity loss of LFP batteries with temperature is proposed in Eq. (16)

M) (n)101093-0.03013°T

8.314*T (16)

Qioss = 4.3599*1030*exp(

Remaining useful life (RUL) Eq. (16) was fitted to the experimental
data of LFP batteries, and the results are shown in Fig. 13. The cycling
test at 50 °C in Fig. 11a showed a severe capacity fading after 230 cycles
in which the capacity loss (Qss) was 5 % (during a second life). Severe
capacity fading has been associated in other studies with the short-
circuit of cells caused mainly by dendrite formation promoted by the
precipitation of degradation products on the anode [37-40]. The RUL at
20 °C can be estimated using Eq. (16) and assuming that the capacity
loss of around 5 % is a critical value to observe short-circuit events in the
cells by the dendrite formation on the anode. The RUL estimated for
second-life LFP batteries at 20 °C was approximately 1200 cycles at 1C
and 100 % DOD.
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Fig. 11. (a) Cycling test of LFP batteries at several temperatures and C-rate = 1C. (b-d) Incremental capacity evolution at temperatures of 20, 40, 50 °C, respectively.
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Fig. 12. (a) Logarithmic plot of Qs Vs. number of cycles at several temperatures of LFP batteries (Linear fitting parameters in Table S4). (b) Plot of intersect (k) vs.

1/RT.
Table 2
Fitting parameters of RUL at several temperatures, 100 % DOD and 1C.
Temperature (K) k z
293 —10.83 (59) 1.776 (83)
313 —5.55 (23) 1.207 (38)
323 -3.31(19) 0.860 (42)

Capacity retention (%)
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Fig. 13. Remnant lifetime estimation of LFP battery with Eq. (16), experi-
mental data (dots), fitting (line).

4. Prospects and challenges

There are many possibilities of use SLB coming from EVs, like sta-
tionary energy storage systems, systems to support peaks or extra energy
demands, support communication systems, support to security systems,
etc. These alternatives contribute to circularity of the lithium-ion bat-
teries and to solve high cost of stationary energy storage systems.
However, the market of SLB has several challenges that need to be
solved to promote its commercial growth, as the unknowledge of the
origin of batteries that will dismantle and lack of information about first
life. The adequate match between dismantled batteries and demand of
SLB market. The continuous variations in configurations and chemistries
developing in lithium-ion batteries implies permanent evaluation of
diagnosis methodologies. The use of welding or adhesive procedures to
ensambling packs of batteries increases both the cost of dismantling
process and risk of damish. Battery diagnosis requires faster, low-cost
and not destructive test processes, the high variation in chemistry and
morphology difficult SLBs test and manufacturing standardization. The
RUL information requires recalculation in real-time under the operation
conditions, in order to improve the prediction life time models.

12

The incorporation of predictive models and artificial intelligence
supported in calculated electrochemical data will bring SOH indicators
and RUL protocols adaptable to the chemistry, shape and capacity var-
iations. Advanced remote monitoring that applies and captures DC and
AC signals must be used to perform data analysis of diagnostic and RUL
to provide prognostic in real-time. These diagnostic and monitoring
technologies can be incorporated into the first life of EVs to predict the
dismantling dates. SLBs manufacturing can establish favorable first life
manufacturing parameters to automate the dismantling. SLBs battery
manufacturing with minimum intervention and a simple electronic
reconfiguration system for adapting the battery to the voltage re-
quirements of SLBs in the several applications.

5. Conclusion

Comparative diagnostic of lithium batteries shows differences be-
tween LFP and NMC chemical composition. Diagnostic methodologies
must be based on the chemical composition of the battery. Second life
batteries with suitable battery management and equalization systems
guarantee homogeneous capacity loss and SOC making possible a sta-
tistical analysis to diagnose just a representative sample of modules in
the battery.

SOH determination by IC shows good agreement between the
equation calculated from half cells of LFP cathode-graphite anode and
the linear correlation of experimental data. The incremental capacity is a
promising alternative to diagnose LFP batteries. In addition, the dV/dQ
allows the incremental voltage correlation to be calculated in a single
step, reducing the diagnostic time from 120 min to ~40 min, and the
charging process guarantees the storage of the batteries under 100 %
SOH. The normalization methodology for the incremental capacity of
LFP batteries allows the calculation of the SOH for cells with different
capacities or shapes and the correlation between SOH and IC can be
improved if lithium inventory and reaction kinetics variation are
included in the SOH estimation equation by IC analyses (R? = 0.99),
whose equation is suitable to calculate SOH in RUL studies at DOD be-
tween 70 and 100 %. The internal resistance and charge transfer resis-
tance of EIS measurement show a good correlation with SOH for NMC
batteries. However, after 70 days of rest the capacity decreases and it is
completely recovered only after 50 cycles. The NMC batteries showed
high capacity retention up 380 cycles at 20 °C, after 380 cycles the
degradation kinetics increases and strong capacity loss of 9.8 %. at 500
cycles was evidenced. The RUL shows high stability for LFP modules,
retaining >99 % of discharge capacity after 500 cycles at 20 °C and thus
achieving remaining useful life higher than 5 years with retired cells
from electric vehicles. There are variations in the stress factor with
temperature for LFP batteries, which is consistent with kinetics and
lithium inventory variation during cycle life. Incremental capacity an-
alyses show the activation of the kinetics of the charge-discharge process
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by increment of temperature and number of charge/discharge cycles. A
relationship between capacity loss (Qjoss) and temperature was found for
LFP batteries, leading to the prediction of RUL at 20 °C with good
confidence.
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