Diagnostic Tools for Lithium-ion Batteries
Catarina Matias Vieira, Prof. Jodo Salvador Fernandes?

November 2022

1- Supervisor, Instituto Superior Técnico, Universidade de Lisboa.

Abstract

One of the main difficulties associated with the management of end-of-life electric vehicle batteries is
related to the diagnosis of their state of health (SOH). This diagnosis is fundamental to evaluate the
battery's state compared to its initial state, and thus making a decision regarding its possible use in
second life applications.

The goal of this work is to understand the degradation phenomena of lithium-ion batteries by applying
the Electrochemical Impedance Spectroscopy technique over charge-discharge cycles, with subsequent
analysis through an Electrical Equivalent Circuit.

Determining the SOH of a battery based on capacity loss requires applying a full charge and discharge,
and this process is quite time consuming and impractical. Alternatively, the SOH can be calculated
based on the internal resistance of the cell.

A new cell, a cell already used in an electric vehicle, two new cells connected in parallel and two used
cells connected in parallel were tested over 50 charge-discharge cycles. Through analysis of the
impedance spectra and the Electrical Equivalent Circuit it was found that the internal resistance is the
parameter that contributes most to the total impedance of the cell and that the variation of the internal
resistance may be used as an indicator of the evolution of the capacity.

Different methods for determining SOH based on impedance and internal resistance were presented
and tested in order to seek a correlation with the SOH values calculated using capacity.

Keywords: Lithium-ion Batteries, State-of-Health, Electrochemical Impedance Spectroscopy, Charge-
Discharge cycles, Electrical Equivalent Circuit.

1. Introduction The challenge relies on simple, cost-effective,

Given the increasing growth in global energy
consumption and the reliance on fossil fuels as
the energy source, it is urgent to find alternatives
for more sustainable and cleaner energy
production, greenhouse gas (GHG) emissions
reduction and more efficient energy storage'?.
Energy storage through batteries becomes
advantageous as those are compact and portable
devices. In the transportation sector, the demand
for Electric Vehicle (EV) batteries has been
growing fast, increasing from about 40 to 155
GWl/year between 2015 and 2020, with a
particularly significant growth for light-duty
vehicles®. Due to its electric motor, these vehicles
emit less or no GHG while in use, unlike internal
combustion engine vehicles (ICEVs), showing
great potential for reducing global GHG
emissions.

Despite the advances that have been made in
the electric mobility sector, the useful lifetime of
batteries used in EVs is still a major limitation. As
a result of various ageing mechanisms that occur
during the life cycle of a battery, it degrades over
time, resulting in capacity and power fade.
Understanding these ageing mechanisms is of
utmost importance for battery state estimation.

and fast monitoring and diagnosis of battery
condition during and after its use in an EV, which
allows not only to understand when it should be
replaced, but also to decide according to its
condition whether it still fits the requirements for a
second life application. Among the established
indicators that characterize the state of a battery,
SOH shows to be extremely useful in the
evaluation of Li-ion batteries used in EVs, since
SOH assesses the condition of a battery
compared to its initial state and quantitatively
evaluates the battery’s remaining usable capacity.
However, capacity measurement involves a
complete charge and discharge, which is time and
energy-consuming, especially if an analysis is
performed on battery modules rather than
individual cells. Given that resistance increase is
critical for the performance of EV batteries, it
should be evaluated and considered for battery
state assessment.

2. Literature Review

Some of the characteristics that make LIBs so
attractive for energy storage applications, in
particular as traction batteries for EVs and PHEVs
are lithium's small ionic radius, which facilitates its
diffusion, and its low molecular weight that allows



for lighter-weight batteries and devices.
Additionally, lithium is the metal with the lowest
reduction potential value (E°(Li*/Li) =-3.04V vs
standard hydrogen electrode), resulting in a
higher energy density*®. LIBs outperform other
types of secondary batteries in terms of specific
energy (can reach up to 450Wh/kg in the case of
LiCoOz/graphite cells), and lifetime (lasting over
20000 cycles in LisTisO12 negative electrode
cells)s. Additionally, LIBs can reach power density
values up to 3000W/kg in the case of LiFePO,4
(LFP)/graphite cells 7. There are different types of
LIBs that differ essentially in the composition of
the positive electrode, which is a transition metal
oxide. For the anode, lithium-titanate (LisTisO12) or
different forms of carbon compounds may be
used, graphite being the most widely used
material?®.

When a LIB is charging, the Li-ions flow from the
cathode and are intercalated in the anode and, at
the same time, the electrons are attracted to the
current collector and move from the cathode to the
anode through the external current circuit. At the
anode, the Li-ions are accommodated in the
graphite structure®-10, During the discharge of the
battery, the process is the opposite: the lithium is
oxidized to Li* at the anode and Li-ions migrate to
the cathode through the separator, being reduced
to Li at the cathode and intercalated in the
cathode structure. The movement of Li-ions from
the anode to the cathode forces the electrons to
flow through the electric circuit, generating the
electric current that powers a device®.

During the first cycles of a battery, the Solid
Electrolyte Interphase (SEI) forms between the
anode and the electrolyte due to the reduction of
the electrolyte. Its formation is extremely
important as it prevents electron tunnelling,
reduces the kinetics of electrolyte decomposition
and decreases the lithium consumption %12,

There are complex mechanisms involved in the
ageing of LIBs, which can be, according to Pastor
Fernandez et al.’?, divided into three Degradation
Modes (DMs): conductivity loss (CL), loss of
active material (LAM), and loss of Li inventory
(LLI). CL is related to the degradation of the
electronic parts of the battery and includes
corrosion of current collectors and binder
decomposition. LAM is related to structural
transformations in the active material, including
particle cracking, electrolyte oxidation, electrode
decomposition, and structure disorder. LLI is
related to the decline in the number of Li-ions
available for intercalation and deintercalation
reactions by being consumed in parasitic and
decomposition reactions, including SEI growth

and decomposition, electrolyte decomposition,
and lithium plating 71314,

The ageing of LIBs can be caused by both
intrinsic and extrinsic factors. Defects related to
the methods and materials used in the fabrication
are examples of intrinsic factors that can affect
ageing. Extrinsic factors are related to the
operating conditions applied to the battery, such
as temperature, charge and discharge rates,
depth of discharge (DOD), and state-of-charge
(SOC)™. In addition to the influence that each of
these factors has on the ageing of a single cell, a
battery can be subjected to inhomogeneous
conditions, such as having cells operating at
different  temperatures and  non-uniformly
distributed currents?”.2.13:

Temperatures above 35°C promote electrolyte
decomposition and SEI growth, while below 5°C
lithium platting, dendrite formation and electrolyte
decomposition by the metallic lithium can occur.
Applied currents higher than 2C can lead to
volume changes and gas generation, with
consequent particle cracking and SEI growth. A
SOC higher than 95% enhances electrolyte and
binder decomposition, gas generation and crack
formation, while overdischarging the battery leads
to corrosion of the current collectors and binder,
and structural disorder. A DOD higher than 70%
leads to volume changes and consequent particle
cracking®3. As a result of these ageing processes,
the internal resistance of the battery increases
(power fade), and the capacity decreases
(capacity fade), which in the case of EVs
translates into a reduction of the driving range and
power of the vehicle, respectively °13. Capacity
loss of LIBs is mostly attributed to the SElI, initially
with its formation and growth, and later due to SEI
formation in graphite exposed to the electrolyte
due to fractures!®>6, LIBs are characterized by
three main stages of degradation: 1) rapid
capacity fade associated with initial SEI formation;
2) approximately linear ageing in terms of capacity
associated with lithium consumption in secondary
reactions; 3) rapid capacity fade as the cell
approaches the end of its life until it eventually
fails, associated with an impedance rise .

Regarding EV batteries, the capacity and
internal resistance are extremely important
parameters for battery condition assessment,
since these are what the replacement criteria are
based on. The experimentally obtained
parameters can then be translated into battery
state indicators, such as State-of-Charge (SOC),
State-of-Energy (SOE), State-of-Power (SOP),
State-of-Temperature  (SOT), State-of-Safety
(S0S), and State-of-Health (SOH)?. The SOH is
an indicator that quantitatively assesses the state
of a battery compared to its initial one in terms of



storage and release of electrical energyl8!d.
Battery ageing in terms of capacity can be
calculated as follows:

50H=2—:x 100% 1)

, where Ca and Cr represent the actual and rated
capacity values, respectively!®. This definition is
not consensual among authors. For example, in
the definition proposed by Hu et al.18, a SOH of
0% is reached only when the battery’s capacity Ca
equals zero. According to this definition, a battery
should be replaced at a SOH of 80%. On the other
hand, authors such as Ungurean et al.?° defend
that the moment when the battery is replaced, i.e.,
when the capacity reaches 80%, corresponds to a
SOH of 0%. In this work, SOH based on capacity
is defined as in 8, assuming battery replacement
at SOH of 80%.

Another alternative is to define SOH based on
the battery’s internal resistance, as follows:

SOH — Rint,subs_Rlnt % 100% (2)

Rint,subs—Rint NEW

, being Ry sups the internal resistance when the
battery is substituted, R;,; is the current internal
resistance and Ry, yew iS the internal resistance
of the battery as new?°,

However, this definition is also not as
straightforward. First, because at the moment
when the battery is replaced, the SOH would be
80% for the capacity-based SOH definition, while
it would be 0% using the resistance-based SOH
definition. Furthermore, Ry, ngw IS NOt always
readily available for all cell models.

3. Methodology

To fully understand the processes occurring in a
cell as it ages, Electrochemical Impedance
Spectroscopy (EIS) was the selected technique,
as it provides important information on the
electrochemical dynamics of a cell. EIS can be
combined with cycling tests, where the capacity is
measured, by being performed at different charge
states, after a charge or discharge step.

3.1. Charge-discharge cycles

The measurement of cell capacity can be done
during a full charge or discharge by Coulomb
counting. LIBs are typically charged using the
Constant Current - Constant Voltage (CC-CV)
mode. The main disadvantage of cycling tests is
their duration. The specified charge and discharge
currents cannot be too high to avoid excessive
ageing, which coincides to long testing times.
Furthermore, the CV stage during charging takes
longer than the CC stage, meaning that even after
reaching the maximum potential, the battery
continues charging for an even longer timeframe.

In the viewpoint of EV batteries, if capacity testing
is performed to a stack of cells connected in series
and/or in parallel, the total testing time increases
substantially, demanding that the vehicle cannot
be used for several hours.

3.2. Electrochemical
Spectroscopy

Impedance

EIS followed by Electrical Equivalent Circuit
(EEC) analysis not only provides important
information on the electrochemical dynamics of a
cell, but it is also the only technique where the
different contributions to the total impedance can
be separately identified, allowing analyzing the
resistive component of impedance®*.

Impedance values are usually measured over a
frequency range between 100 kHz and 10 mHz?1,
A Nyquist plot can be divided into different
frequency regions, each of them related to certain
dynamics and electrical behavior. The Zra value
when the Nyquist plot intersects the X-axis at high
frequencies represents a purely resistive
behavior: the internal resistance of the cell. In the
middle frequency region, the first semicircle is
attributed to the SEI, while the second relates to
the charge transfer process, both having a
capacitive and a resistive component. In the low
frequency region, the 45° slope line represents
the Warburg impedance, which is related to the
diffusion process 1322,

It is possible to distinguish and quantify different
resistances in the real axis of a Nyquist diagram
of a battery, namely, the internal resistance of the
cell (Rint), of the Solid Electrolyte Interphase
(Rsei), of the charge transfer reaction (Rct), and of
the diffusion process (W) (Figure 1).
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Figure 1: Rin, Rsg and Rcr on a Nyquist plot.

It is common to analyze the impedance of a
battery by fitting it to an EEC. The choice of an
EEC should be focused not only on a good fitting
result but mostly on its physical meaning, i.e., the
model should be directly related to the physical
processes occurring in the cell. The preferred
model for LIBs whose Nyquist diagram shows two
semicircles is composed of a resistor to represent
the internal resistance, a ZARC circuit to
represent the first semicircle, and, to represent the
second semicircle and the diffusion process, a



ZARC circuit is used, where in the resistor branch
a Warburg element is added in series, as the
charge transfer is limited by diffusion?421. This
model is represented in Figure 2.
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Figure 2: Simplified electrical equivalent circuit for a lithium-ion
battery.

, where Rint represents the internal resistance of
the cell (which includes the resistances of the
electrolyte, separator and current collectors); Rse
and CPEse represent the resistance and
capacitance of the SEI, respectively; Rcr
represents the charge transfer resistance in the
cathode; CPEa represents the capacitance of the
double layer at the cathode and W represents the
mass transport 2423,

As the battery degrades, the Nyquist diagram
shifts to higher Zra values, and some changes in
the shape of the semicircles are observed”?!. Rint
is not expected to present any significative
changes with SOC. Instead, Rint increases with
the number of cycles, mostly due to electrolyte
decomposition and SEI formation from its
decomposition products. Since these are the most
significant ageing mechanisms in LIBS, Rin, is
normally the parameter that changes more
substantially with cycling, thus Rint is a very
important parameter on the determination of the
SOH of a battery. However, it is noteworthy that
the first semicircle of the Nyquist plot is related to
the SEI, so the contribution of SEI formation to Rint
increase consists only in being a secondary effect
of electrolyte decomposition'*!42%22_ The SEl is a
solid layer that forms at the interface between the
anode and the electrolyte, thus having both
capacitive and resistive properties, represented in
a Nyquist diagram by a semicircle. SEI formation
and growth makes the intercalation and de-
intercalation reactions of Li-ions more difficult by
acting as a barrier to their movement, causing
simultaneously an impedance increase and a loss
of capacity. Since this growth happens gradually
over time, Rsel is expected to increase with the
number of cycles *%. The second semicircle is
related to the interfacial processes, comprising
the reactional impedance, Rct, and the double
layer capacitance. A fully charged battery has a
high Rct, because during charging the Li-ions
moved to the anode, occupying a large portion of
the intercalation spaces. As there are fewer
intercalation spaces at the anode to

accommodate Li-ions, the resistance to transfer of
ions and electrons increases. When the battery
starts to be discharged, the reaction occurs in the
opposite direction. Thus, Li-ions migrate to the still
lithium-poor cathode, so Rcr decreases
dramatically at this early stage of discharge since
there are still many free intercalation spaces and
both ions and electrons flow easily. As the
discharge proceeds, Rct increases, reaching its
maximum when the battery is fully discharged.
Overall, Rct values are higher for a completely
discharged battery than for a completely charged
one, which is attributed to the structure of the
cathode itself, which offers more resistance to Li-
ion transfer than the graphite. Furthermore, Rcris
expected to increase with cycling since both Li-
ions and electrons take part in secondary
irreversible reactions, such as SEI formation and
growth. Thus, the SEI is only indirectly related to
Recr since it is a solid barrier that hinders charge
transfer and its formation and growth consume
active material®>23, Warburg impedance is always
higher for lower frequencies, given that the
distance over which species diffuse is greater.

4, Experimental Part

In this work, two types of cells were studied: 1)
Panasonic NCR18650B cells, 3.6V nominal
voltage, NCR cathode, 3.25Ah capacity. These
commercial cells were acquired as new; 2)
Panasonic NCR18650 cells, 3.6V nominal
voltage, NCR cathode, 2.9Ah capacity. These
cells are inserted in a discarded battery module of
an electric. For simplicity, these cells are further
designated as “new cells” and “used cells”,
respectively. One cell of each model was
subjected to 50 charge-discharge cycles. The
applied currents are the specified ones for each
model. CC-CV charge was done, and the
discharge was divided into four steps of equal
potential intervals. After each charge and
discharge step impedance was measured by
galvanostatic EIS after a rest period (1 hour after
charging and 30 minutes after each discharge
step). Afterwards, two new cells were connected
in parallel and subjected to 50 charge discharge
cycles, as well as two used cells connected in
parallel. Every 5 cycles the discharge was done in
4 steps (“long cycle”), like it was done for the
individual cells, and for the rest of the cycles the
discharge was done in one step only (“fast cycle”),
with EIS measurement after the complete charge
and the complete discharge.

5. Results and discussion



The EEC defined for the studied batteries is
shown in Figure 2 and it revealed to be a good
physical approximation to the processes
happening in the cell, with the addition of having a
goodness of fit in the order of 106,

5.1. Capacity and impedance analysis of
individual cells
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Figure 3: Nyquist plots of a new cell at different charge states
for the 1t and 50" cycles.

For both the 1st and 50 cycles of the new cell,
Rint increases slightly as the cell is being
discharged. While Rsel does not show significant
variation, Rcr decreases significantly at the
beginning of the discharge, increasing gradually
for lower SOC. Likewise, W, increases as SOC
decreases, as diffusion gets gradually more
difficult. It is clear that Rint is the parameter which
changes the most from the first to the last cycle,
by increasing 23.9%.

The Nyquist plots of the totally charged cell
revealed that Rct evolves irregularly over cycling,
increasing and decreasing over the 50 cycles, and
that more unstable variations of Rcr correspond to
more irregular variations in capacity, even though
their evolution does not seem to be related. This
irregular Rct variation suggests that the
resistance of a cell does not necessarily increase
over consecutive cycles, i.e., impedance rise with
ageing is verified, but it is not linear. Rsg
decreased slightly, which was attributed to the fact
that in a new cell the SEI layer is not yet stable
during the first cycles, and once it stabilizes Rsg
is expected to increase. W, increased gradually
with cycling.
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Figure 4: Nyquist plots of a used cell at different charge states
for the 1% and 50" cycles.

In the used cell, a small increase on Rint as SOC
decreases was verified in the 15t cycle, but not in
the 501, There were no substantial changes in
Rse;, and Rcr showed the same behavior as for
the new cell. W, increases as SOC decreases,
except after the last discharge state, where is
decreases. Rint is the parameter that changes the
most, increasing 237.8%. However, this increase
was found not to be gradual. Rint decreased
between the 30" and the 38" cycles, which
coincided with a capacity gain. In addition, a
significant increase in Rint was found between the
24t and 28" cycles, coinciding with a large
capacity drop. This finding suggests a possible
relationship between capacity and internal
resistance.

Rsel did not show any significant changes over
cycling, while Rcr varied irregularly, and Wo
slightly decreases. The variation of Rcr did not
show any correlation with capacity variation and a
decrease in W, was attributed to particle cracking
due to more extensive ageing, which affects the Li
diffusion path.

5.2. Capacity and impedance analysis of
two parallel-connected new cells
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Figure 5: Nyquist plots of two new cells connected in parallel
at the charged and discharged states for the 1% and 50"
cycles.
Both the 15t and 50" cycles show a similar
behavior. Rint increases slightly as SOC



decreases and Rsel does not show considerable
changes. Rect, decreases strongly from the
charged state to the first discharge, and increases
gradually as the discharge progresses. Warburg
impedance increases for lower SOC. Rint
increased 10% over the 50 cycles. Rer and Wo
also increased over cycling, even though there
were found some decreases.
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Figure 6: Nyquist plots of two used cells connected in parallel
at the charged and discharged states for the 1% and 50"
cycles.

The impedance of two used cells in parallel over
a single cycle follows the same evolution as
individual used cells. Rint is again the parameter
which changes the most, increasing 39.4%. A
clear decrease of the second semicircle is also
noted.

Capacity varies more irregularly than Rint but
with a decreasing tendency, increasing only in the
last 4 cycles, which coincides with the overall
increase in Rint, except for the last cycles, when it
decreases. Rsel does not present any substantial
variation during cycling and Rcr is the highest in
the 1st cycle, showing an irregular variation from
the 10" cycle onwards. W, shows a small
decrease over the 50 cycles. Rct and Wo show to
vary much more with SOC than with cycling.

5.3. SOH definition based on impedance

To evaluate the weight of Rint, Rsel, and Rcr and
W, on the overall impedance, their evolution with
cycling was compared to the variation of |Z]. It was
found that for all the studies (individual new and
used cell and parallel-connected new and used
cells), Rint is the resistance that contributes the
most to |Z|, regardless of the SOC, suggesting
that it could be used as an indicator of battery
ageing for SOH estimation. Therefore, Rint
variation over cycling was compared with capacity
evolution.
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Figure 7: Capacity and R variation of a new charged cell
over cycling.
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Figure 8: Capacity and R variation of a used charged cell
over cycling.

For the new cell (Fig. 7), capacity has a
decreasing tendency, except in between the 151
and the 20™ cycles, while Rint keeps increasing
over the 50 cycles. For the used cell (Fig. 8),
except for the first 10 cycles, where both capacity
and Rint increase, these two parameters show an
opposite behaviour, with Rint increasing when
capacity decreases and vice versa.
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Figure 9: Capacity and Rjy variation of two new cells
connected in parallel with cycling.
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Figure 10: Capacity and R variation of two used cells
connected in parallel with cycling.

In the case of the new parallel-connected cells
(Fig. 9), since both capacity and Rint vary very
irregularly, it is difficult to find a relationship
between them.



Overall, the parallel association of used cells
(Fig. 10) presents an increase of Rint With cycling,
accompanied by a decrease in capacity. In the
last four cycles, capacity increases while Rint
decreases.

According to the capacity-based definition of
SOH (SOHc), the moment when the battery in an
EV is replaced corresponds to a SOH of 80%,
while according to the resistance-based SOH
definition, this moment corresponds to a SOH of
0%. Therefore, an alternative resistance-based
definition is proposed. Instead of the value Rint,subs,
the internal resistance when the battery is
replaced, it is wused the value RineoL,
corresponding to the internal resistance of the
battery when it dies, i.e. to the end-of-life of the
battery, which is the moment when the SOH is
considered 0%. SOH is defined as 80% when the
battery is replaced. Thus, the challenge is to
estimate Rj,; o, as a function of Ry, yzw to use in
SOH calculation.

The estimation of R, zo, iS done based on the
resistance-based battery replacement criteria.
Since a battery must be replaced when its R;,;
doubles, i.e., when Ry =2Rpnew. and
considering that at that moment the SOH is 80%,
then Ry, g0, Can be calculated as follows:

SOH = Rint,EOL -2 Rint,NEW = 0,80
Rint,EOL - Rint,NEW
= Rintgor = 6 Rienvew  (3)

Therefore, SOH determination based on this
criterion, SOH2, can be calculated as:

SOH, = —2RmunewRint . 400, (4)
6 Rint, New —Rint, NEW

The advantage of this approach to calculate
SOH is that the relationship Ritror = f - Rinenvew
is fixed for all lithium-ion cell types, meaning that
SOH: can be easily estimated as long as R, yew
is specified by the manufacturer.

SOHc and SOH: seem to have a reasonable
correlation in the case of the new cell (Fig. 11) and
in the case of the association of two used cells in
parallel (Fig. 14), suggesting that achieving 80%
of the rated capacity may coincide to reaching
twice the rated internal resistance, even though
80% of the capacity was not achieved over 50
cycles. In the case of the used cell, these two
definitions of SOH do not seem to be related, as
capacity decreases much less than internal
resistance increases. For the association of two
new cells in parallel, SOHc and SOH: are very
different. The rated internal resistance of LIBs is
usually given by the manufacturer, but in the case
of these two cell models this value is not given.
Thus, Ry.new Was considered to be the Ry,
measured in the 1t cycle. That value is
considered to be the internal resistance at a SOH
of 100%, which is not true, because in this case

capacity shows to be at about 92% in the 15t cycle,
which explains why there is such a difference
between SOHc and SOH.. However, SOHc and
SOH: show to have a similar profile (SOH2 having
a more regular evolution), suggesting that if the
rated Ry, new Value had been used for SOH:
calculation, there could have been a correlation
between both definitions.

Since for the used cell this approach does not
correlate with SOHc, it was intended to determine
a value Ry, o, Which, if used in SOH calculation,
would allow approximating to SOHc. Ry roL IS
defined as Ruyror = [ Rinensw- SOH based on
resistance, calculated with this new Ry, g0, value,
is determined and defined as SOHr. Using the
tool Solver in Microsoft Excel, it was calculated
the parameter f for the relationship Ry ror = f -
Rinenew, DY establishing that the SOHr of the last
cycle should equal the SOHc of the last cycle. This
was done for all the tested cells, in order to
understand what is the value f that best
approximates SOHc to SOHRr. Riynew Was
considered the value obtained for each test in the
1st cycle.

The factor f calculated for the new cell is 5.62,
and for the used cell is 46.73. For the two new
cellsin parallel, f is 1.97 and for the two used cells
in parallel f is 7.09.

Thus, SOHR s calculated as follows:

5.62 Rint, vEw —Rint
SOHg new cett = - = —x 100% (5)
! 5.62 R; —R;
int, NEW ~Rint,NEW
46.73 Rint,Nvew ~Rint

SOHR,used cell = X 100% (6)

46.73 Rint, NEw —Rint, NEW
1.97 Rint, NEw —Rint

= 0,
SOHgnew ceus = 1.97 Rint, NEw —Rint, NEW x 100% (7)

7.09 Rine, Nnew —Rint

= X 0,
SOHpused cets = 75, P —— 100% (8)

The only disadvantage of calculating SOH based
on internal resistance through EIS tests is that
those values require an EEC to be obtained, even
though other techniques could be used to readily
obtain internal resistance values. Alternatively,
the impedance modulus |Z| can be obtained by
EIS without the need for an EEC. SOH was then
calculated using |Z| (SOHz) instead of the internal
resistance, to understand how this alternative
correlates with SOHc.

Using the Solver tool, the parameter f is obtained
for the relationship |Z|zo, = f* |Z|nsw, Where |Z] is
the impedance modulus at the lowest frequency.
|Z|yew Was considered the value obtained for each
test in the 1t cycle.

For the new cell f is 6.01 and for the used cell f
is 20.30. For the parallel connected new cells, f is
equal to 3.09, and for the used cells in parallel it is
3.21. SOHz is calculated as follows:

6.01|Z| new—IZ|
SOH =——X100% 9
zmnew cell = 6,01 |z| ygw—IZl ngw ( )
20.30 |Z| new—12|

20.30 |Z| new—|Z| NEw

SOHzysed ceu = x100%  (10)



61Z| new—IZ]
61Z| New—|Z| NEw

3.21|Z| new—|Z]
— e X 0,
3.21|Z| New—1Z] NEW 100% (12)

The main disadvantage of this approach is that |Z|
of the cell as new is not currently given by the
manufacturer.

SOHc (SOH estimation based on capacity fade),
SOH2, SOHr and SOHz were estimated for

the different tests (Figures 11-14).

SOHznew cetts /7 = %X 100% (11)
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Figure 11: SOH of the new cell calculated based on capacity,
SOH(C), internal resistance, SOH(R), impedance modulus at
the lowest frequency, SOH(Z), and battery replacement
criteria, SOH(2).
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Figure 12: SOH of the used cell calculated based on capacity,
SOH(C), internal resistance, SOH(R), impedance modulus at
the lowest frequency, SOH(Z), and battery replacement
criteria, SOH(2).
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Figure 13: SOH of the two new cells in parallel, calculated
based on capacity, SOH(C), internal resistance, SOH(R),
impedance modulus at the lowest frequency, SOH(Z) and
battery replacement criteria, SOH(2).
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Figure 14: SOH of the two used cells in parallel, calculated
based on capacity, SOH(C), internal resistance, SOH(R),
impedance modulus at the lowest frequency, SOH(Z) and
battery replacement criteria, SOH(2).

Fig. 11 reveals that the different approaches for
SOH estimation of the new cell show a reasonable
correlation with SOHc. In fact, the factor f
calculated for SOHr and SOHz was found to be
very close to 6, as in the theoretical approach.
This suggests not only that SOHc can be related
to SOH determination based on internal
resistance, but also that the resistance
replacement criterion is in accordance with the
capacity one, in this case. SOHz seems to be the
approach which better approximates to SOHc, by
following the most accentuated capacity
variations especially in the first half of the cycles,
but for the second half of the cycles SOCkr is also
a good approximation.

Regarding the used cell (Fig. 12), SOH2 shows
very different values compared to SOHc,
presenting a SOH: of 52% when the SOHc
remains at 95%, due to the fact that the cell’s
capacity decreased very little over 50 cycles,
while R;,. increased dramatically. In this case,
SOHR is the approach that mostly approximates
to SOHc. The determined f factors have a
significant difference from the theoretical one (6),
being 46.73 in Riyrpor = f+ Rinenew and 20.30 in
1ZlgoL = f+ |1 ZInew-

For the two new cells in parallel, none of the
approaches showed a good correlation with SOH
estimation based on capacity, which is explained
by the need to use the Rint and |Z| values of the 15t
cycle as the Ry new and |Zlygzy values, since
these are not given. Using these values results in
a SOH of 100% in the 1st cycle, while the SOH
based on capacity was 92.4% in the 15t cycle.

For the two used cells in parallel, SOHr shows
to be the best approximation to SOHc, with a
factor f of 7.09 in Ry eor = f* Rinenew-

The results of the individual cells and of the two
used cells in parallel show that there may be a
correlation between SOHc and SOH based on
resistance or impedance. None of the batteries
reached 80% of its rated capacity during the 50
cycles, therefore it would have been useful to
study cell ageing over a higher number of cycles.

SOHz and SOHg, based on impedance and
internal resistance, respectively, revealed to be
the best approximations to SOHc for the new cell,
while SOHr based on resistance better
approximates SOHc for the used cell and for the
two parallel-connected used cells. Since SOHz
estimation is a more complicated approach
because initial |Z| values are not given by the
manufacturer, it is possible to see SOHr as a



potential method to estimate SOH based on
resistance and have a reasonable correlation with
capacity variation.

According to the results, in order to have a
correlation between SOHr and SOHc for both the
new and the used cell, the factor f in Ry por = f -
Ruenew had to be significantly different for the two
cases.While the factor f for the new cell is close
to the one determined by battery replacement
criteria, for the used cells this value is very
different. Besides their ageing, these cells are of
different models, therefore it is expected that they
have different characteristics and behavior, and
they might have different R;,,; ygi Values. With this
in mind, it would be interesting to verify at which
extent the battery replacement criteria R, =
2R new IS adequate for all types of LIBs. Since
different cells may have different compositions
and characteristics, it would be reasonable to
consider that they could have different
replacement criteria and different Ry, go, in
relationship with R, ygw. SOH2 determination
has a fixed f value of 6, implying that Ry g0, = f
R new 1S valid for all types of LIBs. While having
this fixed value can be helpful in terms of
generalization, and a reasonable approximation
to most of the values that were determined in this
work, finding the exact value for each cell model
would allow for a more accurate SOH
determination and a better correlation with SOHc.
In that case, if this type of study was previously
made by the manufacturers, they could provide a
value of Ry gy in function of Ry, yew, Value at
which the cell would be approximately reaching its
end-of-life for both resistance and capacity
thresholds.

The factor f in Ryyror = f* Rinenew Was also
found to be different in the cases of one individual
used cell and two parallel-connected used cells.
This factor is much larger for the individual cell
(f = 46.73), which shows an extremely high
increase of R;,, during cycling, than for the
association of used cells in parallel, where the
factor f is 7.09, closer to the theoretical value. It
is unclear if this high increase of Rint for the
individual is solely related to extreme power fade
of that specific cell or if any experimental errors
may have affected the measurements. Therefore,
studying the hypothesis of Ryyror = f* Rinenew
having a different f value for each cell type would
require performing cycling tests to a larger
number of cells of the module to verify if overall
they show similar f values. Nevertheless, the f
factor calculated for the used parallel-connected
cells was different than 6, which also suggests
that by having a Ry, o, Specific for each cell
model, a better correlation between SOHc and

SOH determination based on internal resistance
could be achieved.

Therefore, an underpinned study on this
possible correlation requires a much larger
sample of cells to be studied, of different
characteristics, as well as a larger number of
cycles.

6. Conclusions

This work allowed contributing to a better
understanding of the ageing mechanisms
governing lithium-ion cells by means of capacity
and impedance analysis through charge-
discharge tests and EIS. EIS tests revealed that
overall impedance increases with cycling, but this
evolution is not linear, and some decreases can
occur. Furthermore, some of these changes might
only be perceived after a large number of cycles,
meaning that 50 cycles are insufficient for a
complete ageing study and longer tests should be
done.

It was verified that Rint is indeed the parameter
that contributes the most to the impedance
modulus, both for the individual and parallel-
connected cells. In addition, unlike Rsg, which
does not show significant variation over 50 cycles,
and Rct and Wo, which vary mostly with SOC, Rint
changes mostly with the number of cycles, being
therefore considered a good indicator of cell
ageing to be used in SOH determination.

SOH was estimated based on the condition that
a battery should be replaced when its internal
resistance doubles, and assuming that in that
moment the SOH is 80%. The Rint value when the
battery’s SOH is 0% was determined as Rz, =
6 Rinenew. This SOH determination method was
found to approximate reasonably to SOHc for the
individual new cell and for the parallel-connected
new cells and used cells, but not for the individual
used cell. Thus, a factor f in the relationship
Rintror = f+ Rimenew that better approximates to
SOHc was determined and SOHr was calculated
using that factor for each test. The same was
done by using the impedance modulus |Z| at the
lowest frequency instead of Rint in order to have
an alternative that does not require an EEC. The
factor f was calculated and SOHz with that factor
f was determined. SOHr revealed to be the most
approximate estimation approach to SOHc, and it
implies that different cell types would have
different internal resistance values corresponding
to the moment when the cell dies, Ry gor, as
function of the initial internal resistance of the cell,
Rine new, Which is reasonable to consider since
different cell types can have different initial
resistance values and ageing behavior.



In any case, it is important to emphasize that
extended tests would be necessary to have a
complete analysis of capacity and impedance
evolution with cycling, as well as to study the
relationship between Rint increase and capacity
fade, and to conclude on a suitable SOH
determination method based on resistance.

6.1. Future Work

As a continuation of this work, it becomes
important to extend the charge-discharge and EIS
tests to a larger number of cells, in order to verify
the results obtained for a single cell and to identify
possible errors associated with experimental
conditions. Additionally, it would also be useful to
subject the cells to a greater number of cycles, or
even cycling them until failure, to obtain more
information about the evolution of capacity and
impedance of the cell over its entire life. This
would also allow determining Rint of the cell at the
time of failure, which could be useful in
ascertaining the feasibility of the presented
approaches for impedance-based SOH
calculation. Moreover, in order to study the
applicability of impedance-based SOH for
diagnostics of complete electric vehicle battery
modules or cell stacks, it would be important to
extend these studies to multiple cells connected
both in series and in parallel.
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