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Preface to ”Lifetime Prediction and Simulation

Models of Dif

• What are the factors influencing the aging of different energy storage technologies?

• How can we extend their lifetime? How can we optimize the operation of energy storage for the

optimum lifetime, while fulfilling the purpose of storage?

• How can the aging of an energy storage be detected and predicted? When do we have to

exchange the storage device?

The articles deal with different topics in the following fields:

• Aging simulation models of different energy storage devices

• State of health detection of different energy storage devices

• Lifetime tests and analysis of influencing factors of different energy storage devices

• Operating strategies with the aim of an optimized lifetime for different energy storage devices

Julia Kowal

Special Issue Editor

ix

Energy storage is one of the most important enablers for the transformation to a sustainable

energy supply with greater mobility. For vehicles, but also for many stationary applications,

the batteries used for energy storage are very flexible but also have a rather limited lifetime compared

to other storage principles. Many different battery technologies exist which, in part, show a similar

aging behavior, but each of which mostly has their own characteristic aging processes. Other storage

principles such as supercaps, fuel cell/electrolyzer/storage systems, or thermal storage also show

declining performance with time. To develop reliable systems and facilitate cost calculations, it is

therefore necessary to understand the aging processes as well as its influencing factors. This Special

Issue is a collection of articles that collectively address the following questions:
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Abstract: Detecting or predicting lithium plating in Li-ion cells and subsequently suppressing or
preventing it have been the aim of many researches as it directly contributes to the aging, safety,
and life-time of the cell. Although abundant influencing parameters on lithium deposition are
already known, more information is still needed in order to predict this phenomenon and prevent
it in time. It is observed that balancing in a Li-ion cell can play an important role in controlling
lithium plating. In this work, five regions are defined with the intention of covering all the zones
participating in the charge transfer from one electrode to the other during cell cycling. We employ a
pseudo two-dimensional (P2D) cell model including two irreversible side reactions of solid electrolyte
interface (SEI) formation and lithium plating (Li-P) as the anode aging mechanisms. With the
help of simulated data and the Nernst–Einstein relation, ionic conductivities of the regions are
calculated separately. Calculation results show that by aging the cell, more deviation between ionic
conductivities of cathode and anode takes place which leads to the start of Li plating.

Keywords: li-ion cells; lithium plating; kinetic balancing; ionic conductivity; modeling

1. Introduction

Lithium ion (Li-ion) batteries were first developed in the 1970s [1–3]. After two decades of
intensive materials development, Li-ion cells were commercialized by Sony in 1991 [4,5]. Constructed
as the best compromise due to many excessive failures of rechargeable Li-metal cells beforehand, Li-ion
cells have undergone a tremendous evolution in the last few decades and have been widely utilized for
energy storage in different portable, computing, and telecommunicating devices as well as electrified
transport vehicles. Clean electric conveyances are a possible way to reduce the environmental impact of
private transport and abate about 10–20% of the emissions [6,7]. However, increasing the energy density
of Li-ion batteries to accomplish the actual demand of electrified vehicles is of importance. As a solution,
electrodes have to become thicker and denser. If the negative carbon-based electrode is manufactured
with a higher thicknesses, more density, and less electrolyte uptake, then the occurrence of Li-plating
becomes an unavoidable issue. Moreover, capacity retention, lifetime, fast and low temperature
charging, and safety performance of the cells still require improvements. These challenging demands
are all directly or indirectly influenced by lithium deposition [8–10]. The appearance of metallic lithium
on the surface of carbon particles is a complex function of temperature, aging, and cycle loads.

Lithium deposition or lithium plating, which generally means the formation of metallic lithium
on the negative electrode is an all-time undesirable phenomenon, contributing to cell performance
degradation, reducing the cell durability and cyclability. Additionally, it significantly raises safety
issues [11]. Avoiding or suppressing the lithium deposition reaction is essential to the reliability
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and also improvement of Li-ion cells. This paper introduces a way to investigate plating occurrence.
Therefore, it is important to describe the phenomenon of Li-Plating in more details.

While charging, lithium ions are extracted from the cathode, diffuse through the electrolyte, and
intercalate into the graphite structure of the negative electrode. The Li+ charge transfer process (CTP)
takes place on the surface of electrode particles, meaning the de-solvation of solvated lithium ion
from the electrolyte, transferring through the solid electrolyte interface (SEI) layer and entering into
the electrode particle, becoming an intercalated lithium. The intercalated lithium diffuses further
inside the insertion electrode, i.e., the graphene planes of graphite, preventing the particle surface to
reach saturation. This is called the lithium solid diffusion process (SDP). Depending on the operation
conditions e.g., at a high C-rate, low temperature and high state of charge (SOC), the CTP and SDP
will be the limiting factor, respectively. It means the speed of the lithium ion flow in the electrolyte is
exceeding the charge transfer process or solid diffusion. Consequently, the lithium deposition reaction
can occur instead or in parallel with intercalation. Thermodynamically, lithium plating is not favorable
in comparison to intercalation since its reaction enthalpy is more positive [12,13]. Nevertheless, during
a charge process, due to the deviation from equilibrium, an induced overpotential is formed [14] which
may cause the anode potential to drop below 0 V vs. Li+/Li and consequently the lithium deposits
on the surface of the graphite particle [15]. It should be noted that for intercalation, the potential
range is from 200 to 65 mV vs. Li+/Li [13]. Lithium solid diffusion overpotential and charge transfer
overpotential, which enable the lithium deposition reaction, are the kinetic causes of this phenomenon.
Operating conditions like low temperature (below 25 ◦C), fast charging, and high SOCs increase the
cell overpotentials [16,17].

According to the literature [18], a Li+ ion which is transferred from electrolyte to the anode
experiences discrete energy barriers at different regions. Diffusing in the electrolyte (considered a
liquid) has a relatively low energy barrier while charge transfer through the SEI usually has the biggest
activation energy (Ea) and diffusion of Li into graphite has a moderate energy barrier in the range
of 0.22–0.4 eV, increasing by x in LixC6 [19,20]. According to Arrhenius, a low temperature slows
down the reactions [14] which means less Li+ ions can overcome the charge transfer energy barrier to
intercalate. At the same time, the solid diffusion of Li happens more sluggish at high SOCs. Therefore,
when the charging current is high enough to induce a big ion flux toward the anode, so that the Li
solid diffusion rate cannot compete, lithium deposition happens with a higher probability [15,17,21].

There is some literature investigating factors influencing CTP kinetics. Some believe that the
Li+ de-solvation step is always slower than Li+ transferring through the SEI [22,23]. Some other
investigate different electrode as well as electrolyte materials and conclude that the kinetics of Li+

charge transfer process is controlled by the chemistry of the electrode components and their interfacial
layer. By having a SEI layer with a low energy barrier for conducting Li+, the de-solvation step is
limiting and vice versa if the SEI layer is not conductive enough [24].

Numerical simulations provide quantitative information to further investigate the phenomenon.
Firstly Arora et al. [25] introduced a numerical way for describing and predicting the lithium
deposition at charge and overcharge. Years later Tang et al. [26] extended the previous work to 2D.
Legrand et al. [13] investigated Li-P (lithium plating) through CTP limitations by an electrochemical
model, yet they have not examined the SPD process. Jiang et al. [27] proposed characteristic times
to explain charge and species transport limitations in Li-ion batteries, but they did not cover the
aging influences. Understanding the lithium plating phenomenon has been the focus of many studies,
however there is still a lack of information on the mechanisms of transport-related performance
limitations during charge/discharge operations over the life time of Li-ion cells. In the present
model-based study we investigate the transport mechanisms behavior of Li-ion cell over 400 cycles.
Aging mechanisms are included by a growing surface layer consisting of SEI and plated lithium. We
introduce and explain five regions in the cell (A-E) which are contributing to the Li+ charge transfer
and Li solid diffusion processes. Ionic conductivities of these regions are calculated afterwards. The cell
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aging behavior and appearance of Li plating from the 116th cycle of the simulated cell are explained
and discussed with the help of ionic conductivity variation in the mentioned regions.

The paper is organized as follows. Section 2 explains the transport regions and implementation of
our P2D (pseudo two-dimensional) model. In Section 3 we show the validation of our calculations,
discuss the model results, and explain them with the help of ionic conductivity calculations. Section 4
summarizes the results.

2. Theory

2.1. Transport Regions

In addition to electrical conduction, ionic conductivity in the electrodes and electrolyte is necessary
for the completion of electrochemical reactions. Charged species, including Li-ions can pass through a
media under two driving forces: An externally applied electric field and/or a concentration gradient
which is described in the Nernst–Planck relation:

jion = −cionvion =
uion
zionq

kT(∇cion +
F

kT
cion∇φ) = Dion(∇cion +

F
kT

cion∇φ) (1)

where jion is the ionic current density, vion is the drift velocity, uion is the electrical mobility of ions, zion
is the valence number, and q is the charge. K is the Boltzamn constant, Dion is the diffusion coefficient,
and ∇φ is the gradient of potential. Ohm’s law is the relation between current density (i), conductivity
(σ), and the electric field (ζ). By substituting the ionic current density (j) for i into Ohm’s relation and
including chemical potential in driving forces, as it is needed for the ions, then rewriting the derived
formula for σion and finally comparing it with Nernst–Plank relation we come to an equation called
the Nernst–Einstein:

σion =
cionDionz2

ionF2

RT
. (2)

During charge and discharge, Li+ transfers from one side to the other. To study the transport
mechanisms in the cell we consider five regions (see Figure 1), which can be defined as follows:

• Regions A and E representing the inner part of solid active material particles in the anode and
cathode respectively;

• Regions B and D that are the solid particles/electrolyte interfaces at the anode and cathode
side respectively;

• Region C which indicates the electrolyte which can be in the anode, the separator, or the cathode.

Figure 1. Schematic view of the five transport regions considered in a full lithium ion cell.

During the charge period, intercalated Li diffuses from the cathode particle bulk to the interface
(E). Particles of the solid active materials at the cathode and anode are assumed to be spherical. At the
surface, it donates one electron and crosses the formed SEI layer on particles at the interface (D) to
enter the electrolyte. This electrochemical reaction can be explained by the Butler–Volmer equation. Li+

diffuses further in the electrolyte towards the anode because of the concentration gradient and electric
field (C). By reaching the anode particles, the Li+ ion transfers through the surface layer formed on the
particles and receives one electron (B) and enters into the particle. Intercalated lithium diffuses away
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from the surface due to the concentration gradient (A). Once the cell is fully charged and the discharge
starts, the whole transport process takes place in a reverse direction from the anode side to the cathode.

Calculating the ionic conductivity for each of the five regions can give us a simple way to compare
the transport performances at different conditions. In this work we calculate ionic conductivity of
transport for (1) solid active materials A and E, (2) electrolyte C, and (3) interfaces B and D based on
the Nernst–Einstein relation.

2.2. Model Description

The required data for calculation comes from an implemented model which is based on the
pseudo two-dimensional (P2D) approach [28]. We used COMSOL Multiphysics® 5.4 software for
simulation. A detailed explanation of the governing partial differential equations can be found in the
literature [28–31]. The model considers charge and species transport along the electrodes thicknesses
direction (x) and in the solid particles (r) of active materials. Equations governing the x and r directions
are coupled via the electrochemical reactions on the surface of active material particles described by
the Butler–Volmer relation. Lithium plating and SEI formation are considered aging mechanisms,
so that they are the anode side reactions competing the intercalation reaction during the charge process.
This means:

jtot = jint + jSEI + jLiP (3)

where jint is the intercalation current density, jSEI is the current density of the SEI formation, and jLiP
is the current density of lithium plating. From the Butler–Volmer relation for the intercalation current
density we have the definition of:

jint = j0,int(exp(
αaFηint

RT
)− exp(

−αcFηint
RT

)) (4)

where j0,int is the intercalation exchange current density, αa and αc are anodic and cathodic transfer
coefficients respectively. Exchange current density for intercalation can be calculated as follows:

j0,int = Fkαa
c kαc

a (cs,max−cs)
αa(cs)

αc(
cl

cl,re f
)αa (5)

ka and kc are the rate constants of the anodic and cathodic reactions respectively. The maximum
possible concentration is cs,max, and cs is the local concentration of solid particles. cl represents the
electrolyte concentration. SEI formation, which we assumed in this model is the reaction of ethylene
carbonate (EC) from electrolyte with lithium ions and electrons. A detailed description about the
simulation of the SEI layer can be found in previous works [32,33]. The surface overpotential for each
of the reactions (intercalation, SEI, Li-plating) is:

η(int,SEI,LiP) = φs − φl − Eeq(int,SEI,LiP) − Δφ f ilm (6)

where φs and φl are the potential of solid and electrolyte phase respectively. Δφ f ilm is the potential
drop over the film which is forming because of the SEI and Li-plating side reactions and Eeq is the
equilibrium potential of the corresponding reaction.

Both side reactions are assumed to be irreversible. The additional oxidation of plated lithium and
consequently the formation of the secondary SEI layer on the plated lithium is neglected. Additionally,
it is assumed that no partial dissolution of deposited Li during the discharge occurs. The current density
of each of the side reactions is calculated, considering only the cathodic part of the Butler–Volmer
relation [34]:

j(SEI,LiP) = −j0(SEI,LiP)exp(
−αc

(SEI,LiP)Fη(SEI,LiP)

RT
) (7)

Cell parameters originate from an experimental cell. Key cell parameters and simulation
conditions are listed in Table 1. Diffusion coefficient of electrodes are adjusted based on Cabanero’s
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work [35] to include a degree of lithiation dependency. The cycling is simulated using a constant
current/constant voltage (CC/CV) charging strategy. Discharge is simulated using CC only. Since no
thermal modeling is included, a 0.5 C charge/discharge rate is applied for the whole simulation so
that the temperature variation over charge and discharge can be neglected [36].

Table 1. Cell parameters and simulation conditions used in the model.

Parameters Anode Separator Cathode

Thickness L (μm) 116 16 88.7
Particle radius r0 (μm) 8.8 - 6.5
Porosity ε (%) 0.26 0.5 0.24
Bruggeman exponent γ (-) 1.8 1.5 1.56
Initial electrolyte concentration ce (mol/m3) 1200
Diffusion coefficient in solid Ds (m2/s) Figure 2A [35] - Figure 2B [35]
Diffusion coefficient in liquid Dl (m2/s) 3.7 × 10−9 *
Ionic conductivity in liquid σl (S/m) 8.735 × 10−1 *
Maximum Li+ concentration in solid (mol/m3) 27,880 - 48,580
Anodic/Cathodic transfer coefficient αa, αc (-) 0.5 0.5
Transference number t+ (-) 0.577

Simulation conditions Values

Temperature T (K) 298.15
Lower and upper voltage boundary Umin − Umax (V) 2.7–4.2
Charge and discharge rate C − rate 0.5
Equilibrium potential SEI formation Eeq,SEI (V) 0.4 [37]
Equilibrium potential lithium plating Eeq,LiP (V) 0
Cathodic charge transfer coefficients for side reactions αc

SEI.LiP (/) 0.5 [34]

* for cl = 1200 mol/m3.

Figure 2. Diffusion coefficient (A) of the anode and (B) of the cathode as a function of the
lithiation degree.

Based on the Nernst–Einstein relation, we defined ionic conductivity for each of the regions
as follows:

σl(a,c,s) =
cl D

e f f
l(a,c,s)F

2

RT
(8)

σl is the ionic conductivity of electrolyte (region C). De f f
l is the effective diffusion coefficient of

electrolyte which is defined depending on its medium i.e., anode, cathode, or separator. It is calculated
with the Bruggeman correlation. So that:

De f f
l(a,c,s) = Dlε

γ
l(a,c,s) (9)
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consisting of the electrolyte diffusion coefficient Dl , the electrolyte volume fraction εl(a,c,s), and the
Bruggeman exponent γ.

For the particles of solid active material (region A and E) we have:

σs(a,c) =
(cs,max(a,c) − cs,ave(a,c))Ds(a,c)F2

RT
(10)

in which Ds is the diffusion coefficient of the solid particles.
To calculate the ionic conductivity for the last two regions (B and D) we assume the interface

reactions to consume Li ion from electrolyte at electrode/electrolyte interface. Therefore ionic
conductivity is:

σi(a,c) =
cs(a,c)(

cl
cl−re f

)αa F2

RT
(11)

including surface and electrolyte concentrations (cs and cl) coming from the Butler–Volmer relation
definitions and effective electrolyte diffusion coefficients.

3. Results

3.1. Validation

To validate the ionic conductivity results coming from our calculations we compared them with
the characteristic time values for transport which are introduced by Jiang and Peng [27]. They have
defined three parameters, ts, ti, and tl as:

ts(a,c) =
(r0(a,c)/3)2

Ds(a,c)
(12)

ti(a,c) =
Fεcl

(1 − t0
+)|jLi| (13)

tl =
L2

a

De f f
l,a

+
L2

s

De f f
l,s

+
L2

c

De f f
l,c

. (14)

ts is describing a characteristic time of the Li diffusion process into solid particles in negative and
positive electrodes. ti stands for the transport time relating to the local depletion rate of Li ions in
electrolyte at the electrode/electrolyte interface, and tl is the characteristic time for Li ion transport
through the electrolyte. Considering these definitions we can relate σl(a,c,s), σs(a,c), and σi(a,c) to tl(a,c,s),
ts(a,c) and ti(a,c) respectively.

Using the cell parameters reported in the Jiang’s article for simulation, we gain the following
results for transport times and ionic conductivity calculations in idle state prior to discharge as listed
in Table 2. There are slight differences between anode transfer time coming from our calculations
and the one reported in Jiang’s work. The reason might be (1) due to the differences in parameters
assumptions as not all the values are mentioned in the article and (2) in contrast to Jiang’s model we
included Li-plating and SEI formation (anode aging mechanisms).

Table 2. Values of the characteristic times and corresponding ionic conductivities when the battery is
in the pause state prior to discharge. Lit. values are extracted from Jiang’s article [27].

tl [s] σl [S/cm] ts [s] σs [S/cm] ti [s] σi [S/cm]

Lit. Cal. Cal. Lit. Cal. Cal. Lit. Cal. Cal.

Anode
180

174 1.12 × 10−2 3.2 × 103 2.2 × 103 (3.19-2.98) × 10−7 147.7 130 2.88 × 10−4

Cathode 103.2 1.21 × 10−2 71.1 71.1 1.28 × 10−4 101.3 92.3 1.16 × 10−3

Separator 8.8 2.15 × 10−2 - - - - - -
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Comparing the ionic conductivities with their corresponding transport times, we realized that t
and σ values of similar regions in positive and negative electrodes are following the same trend. This
compatibility of results suggests that it is valid to compare σs,a to σs,c and additionally σi,a to σi,c. As
shown in Table 2, there is only one value reported for the transport time of electrolyte. Therefore it
is not possible to check the trend of our discrete values of electrolyte ionic conductivity in different
mediums with the transport time.

3.2. Simulation Results

The discharge capacity behavior of the simulated Li-ion cell with the mentioned parameters in
Table 1 over the cycle number is shown in Figure 3. The relative discharge capacity is defined as the
relation of current Qdis to the first cycle discharge capacity. During the initial cycles, the discharge
capacity decreased faster than the following cycles, which was when the SEI layer initially formed.
The almost linear decrease continued until cycle number 230, where the Qdis reached 78% of the
initial capacity. Then the phase of nonlinear decrease in discharge capacity starts so that in total cycle
numbers of 400, the cell lost more than 60% of its initial capacity.

Figure 3. Relative discharge capacity of the simulated cell over the life time. A linear ageing phase
following by a non-linear aging phase are observable.

Looking at the equivalent thickness of the lithium plating layer on the surface of anode particles
in Figure 4A, we can see that from the 116th cycle Li-P started at the separator side of the negative
electrode and the layer thickness increased by continuing the cycling of the cell. During the whole 400
simulated cycles, no Li-plating occurred at the current collector side of the anode. The total surface
layer, Li-P, and SEI, together with equivalent thickness of each layer is shown in Figure 4B. From
cycle 116 until 230, Li-plating showed a more moderate increase rate in comparison to cycles after
230 which is when the cell began nonlinear aging behavior. In contrast to Li-P, the SEI layer grew
with a high rate during the first 50 cycles and after that increased more moderately. The decrease
in the SEI layer’s growth rate is due to the limited electrolyte diffusion through the formed layer
as well as the lower EC concentration in the electrolyte as it became consumed through the SEI
formation reaction. In contrast to lithium plating, which depends on the location along the anode
thickness, SEI layer growth was uniform across the anode. The SEI and Li-P at the separator, grew
to around dSEI ≈ 800 nm and dLi−P ≈ 120 nm. Kindermann et al. [38] simulated the SEI layer with
dSEI ≈ 600 nm. Separately Petzl et al. [39] in their experimental low-temperature study measured a
dLi−P ≈ 5 μm after 120 cycles at −22 ◦C with 1C.

7
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Figure 4. (A) Thickness of the plated lithium layer on the surface of negative electrode particles at the
current collector (X = 0), 0.9 of the relative anode thickness (X = 0.9), and the separator side (X = 1).
Over the cycle numbers, no lithium plating happened at the current collector side but it increased
moving toward the separator side. (B) Total surface layer thickness as well as equivalent thicknesses of
plated lithium and SEI (solid electrolyte interface) layers separately. Since the cell has the maximum
amount lithium plating at the separator side, only the layers at X = 1 are displayed.

4. Discussion

To study and track the reasons leading to lithium plating, starting from cycle 116 in our cell,
we plotted the ionic conductivity of solid particles, the electrolyte, and electrode/separator interface
over the constant current (CC) charge period for the anode and cathode, as shown in Figure 5 and 6
respectively. Figure 5A shows calculated ionic conductivity for region A which are the solid active
particles of the negative electrode from start until end of the CC charge period for the 116th cycle.
Two points of X = 1 and X = 0.9 are chosen to be shown. X = 1 for the anode means the separator side.
X = 0.9 is also displayed as it is the furthest point of the anode from the separator that shows lithium
deposition over the whole simulated cycle life. As expected, the ionic conductivity of the particles
declined while the SOC increased. At the end of the charge, particles closer to the separator side were
at a higher SOC and therefore showed poorer ionic conductivity in comparison to particles with a
higher distance to the separator. The beginning of Li-plating is where a short plateau is observable in
the conductivity trend at the end of CC charge. Effective electrolyte ionic conductivity in Figure 5B
is showing a similar trend. It displayed a higher value during early charge stages in comparison
to the end of the charge as well as poorer particle ionic conductivity closer to the separator. This is
explainable as the side reactions and surface layer formation was happening more at the separator side,
leading to more porosity reduction which is equal to less electrolyte volume fraction. The last transport
region of the anode that we include in this study is the electrolyte/solid particles interface. As shown
in Figure 5C, the ionic conductivity increased while charging until a local SOC of 50%. By continuing
the CC charge process we can observe a decline in conductivity values followed by a plateau which is
the start of lithium plating. Comparing σs,a to the corresponding Figure 6A, shows that anode active
particles are having a better ionic conductivity, except for the end of the charge process which were
slightly smaller than the cathode particle conductivity values. Figure 6B shows that electrolyte had a
better effective ionic conductivity of factor 8 at the cathode side. It is the same when we compare their
interface conductivity as well. Figure 6C shows that σi,c is one order of magnitude bigger than σi,a.

8
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Figure 5. Ionic conductivity of the simulated cell at cycle 116 for the negative electrode side. Start of
Li-plating is when a plateau is formed. (A) Is the calculated ionic conductivity for region A over start
until end of CC (current) charge period of the 116th cycle. X = 1 is at the separator side and X = 0.9 is at
0.9 of anode thickness closer to the separator. (B) is the effective ionic conductivity of electrolyte in the
negative electrode over start until end of CC charge period of the 116th cycle. Data comes from the
model. (C) Is the calculated ionic conductivity for region B over start until end of the CC charge period
of the 116th cycle.

Figure 6. Ionic conductivity of the simulated cell at cycle 116 for the positive electrode side. (A) Is the
calculated ionic conductivity for region E over start until end of the CC charge period of the 116th cycle.
X = 0 is at separator side and X = 1 is at the current collector of the cathode. (B) Is the effective ionic
conductivity of the electrolyte in the positive electrode over start until end of the CC charge period of
the 116th cycle. Data comes from the model. (C) Is the calculated ionic conductivity for region D over
start until end of the CC charge period of the 116th cycle.

For comparison, the same is plotted in Figures 7 and 8 for the ionic conductivity results of the cell
at cycle 10 where the cell is not aged and shows no trace of lithium plating. Looking at Figures 7A and
8A, we can see that values neither for the cathode nor the anode change significantly. In comparison to
cycle 10, the final value at the end of charge of cycle 116 for both cathode and anode at the separator
side declined. For the positive electrode, the cathode particles could not de-intercalate fully during
the 10th cycle. To explain the anode behavior, listed data in Table 3 is helpful. Considering the σs,a at
different cycles, it is observable that by aging, the anode distribution of lithium ions becomes deficient
so that by increasing the cycle number σs,a at the current collector side shows higher values. This means
by increasing the cycle number, during a charge process, particles at X = 0 only charged to the lower
SOCs. The reverse is observable for the particles at the separator side of the anode. This can lead
the cell to favorable conditions for Li deposition. Figures 7B and 8B show that although electrolyte
conductivity does not show a significant change at the cathode, the anode values declined by factor
of 4. A similar behavior is observable for the anode interface ionic conductivity. Figure 7C shows
that conductivity values of the 10th cycle are about 4 times bigger than those at cycle 116. However
no significant variation is shown in Figure 8C in comparison to cycle 116. These two behaviors are
another factor that cause Li-plating.
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Table 3. Ionic conductivity for solid particles of active materials σs, electrolyte in the porous electrodes
σl , and electrode/electrolyte interface σi at cycle number 10, 50, 100, 116, 150, and 230. Cycle 116 is the
start of Li-P and cycle 230 is the start of nonlinear aging behavior of the cell. σs and σi are calculated
from Nernst–Einstein relation. σl is calculated directly through the model.

Cycle Charge – CC
σs [S/cm] σl [S/cm] σi [S/cm]

An. An. An.

10
Begin 1.0 × 10−3 (4.8-4.7) × 10−4 1.3 × 10−3

End (7.3-3.5) × 10−5 (4.7-4.6) × 10−4 (4.5-4.0) × 10−3

50
Begin (9.9-10.3) × 10−4 (2.5-2.4) × 10−4 0.7 × 10−3

End (14.7-3.7) × 10−5 (2.5-2.4) × 10−4 (2.6-2.2) × 10−3

100
Begin (9.2-10.4) × 10−4 1.5 × 10−4 (0.5-0.4) × 10−3

End (18.3-3.3) × 10−5 (1.5-1.4) × 10−4 (1.6-1.4) × 10−3

116
Begin (9.1-10.4) × 10−4 1.3 × 10−4 (0.5-0.4) × 10−3

End (19.1-3.1) × 10−5 1.3 × 10−4 (1.4-1.2) × 10−3

150
Begin (8.8-10.5) × 10−4 1.0 × 10−4 (0.4-0.3) × 10−3

End (20.1-2.8) × 10−5 (1.1-1.0) × 10−4 (1.1-0.9) × 10−3

230
Begin (7.2-10.5) × 10−4 (0.6-0.5) × 10−4 (0.3-0.2) × 10−3

End (21.7-0.2) × 10−5 (0.6-0.5) × 10−4 (0.7-0.3) × 10−3

Ca. Ca. Ca.

10
Begin (3.4-4.0) × 10−6 9.2 × 10−4 0.8 × 10−2

End (5.8-5.7) × 10−5 9.2 × 10−4 1.3 × 10−2

50
Begin (5.1-5.7) × 10−6 (8.8-8.7) × 10−4 (0.9-1.0) × 10−2

End (5.6-5.4) × 10−5 8.7 × 10−4 1.4 × 10−2

100
Begin (6.2-6.7) × 10−6 8.3 × 10−4 1.0 × 10−2

End (5.3-5.1) × 10−5 (8.3-8.2) × 10−4 1.4 × 10−2

116
Begin (6.5-7.0) × 10−6 8.2 × 10−4 1 × 10−2

End (5.2-5.0) × 10−5 8.1 × 10−4 1.4 × 10−2

150
Begin (6.9-7.5) × 10−6 8 × 10−4 (1.0-1.1) × 10−2

End (5.0-4.7) × 10−5 (7.9-7.8) × 10−4 1.4 × 10−2

230
Begin (8.1-9.2) × 10−6 7.6 × 10−4 1.1 × 10−2

End (5.7-5.6) × 10−5 7.4 × 10−4 1.3 × 10−2

Figure 7. Ionic conductivity of the simulated cell at cycle 10 for the negative electrode side. (A) Is the
calculated ionic conductivity for region A over start until end of the CC charge period of the 10th cycle.
X = 1 is at the separator side and X = 0.9 is at 0.9 of relative anode thickness closer to the separator.
(B) Is the effective ionic conductivity of the electrolyte in the negative electrode over start until end
of the CC charge period of the 10th cycle. Data comes from the model. (C) Is the calculated ionic
conductivity for region B over start until the end of the CC charge period of the 10th cycle.

10



Sustainability 2019, 11, 6392

Figure 8. Ionic conductivity of the simulated cell at cycle 10 for the positive electrode side. (A) Is the
calculated ionic conductivity for region E over start until end of the CC charge period of the 10th cycle.
X = 0 is at the separator side and X = 1 is at the current collector of the cathode. (B) Is the effective ionic
conductivity of electrolyte in the positive electrode over start until end of the CC charge period of 10th
cycle. Data comes from the model. (C) Is the calculated ionic conductivity for region D over start until
end of the CC charge period of the 10th cycle.

5. Conclusions

In this work, we studied the aging behavior of a Li-ion cell and investigated the ionic conductivity
variation of the cell and its relation to the appearance of unwanted lithium deposition on the surface
of negative electrode particles from the 116th cycle. We introduced five regions that explained the
transport mechanisms of lithium from one electrode to the other, including the Li+ charge transfer,
Li solid diffusion, and Li+ diffusion through the electrolyte. Simulation data and ionic conductivity
calculations showed that both interface and electrolyte conductivity of the anode (σi,a and σl,a) at cycle
116 were four times smaller than the not-aged values. Moreover solid particle conductivity of the
anode σs,a showed that the poor distribution of Li in the anode particles along the x direction led to
local overcharging on the separator side. These effects together caused the cell to plate lithium from
the 116th cycle.
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Nomenclature

Abbreviations

P2D pseudo two-dimensional
SEI solid electrolyte interface
Li-P lithium plating
Li-ion lithium ion
CTP charge transfer process
SPD solid diffusion process
SOC state of charge
EC ethylene carbonate
CC constant current
CV constant voltage
An. anode
Ca. cathode
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Lit. literature
Cal. calculated

Symbols

j ionic current density
j0 exchange current density
v drift velocity
u electrical mobility of ions
Z valence number
q charge
K Boltzamn constant
R ideal gas constant
F Faraday constant
D diffusion coefficient
φ potential
i current density
σ conductivity
ζ electric field
α transfer coefficient
η surface overpotential
E potential
T temperature
C concentration
T temperature
ε volume fraction
γ Bruggeman exponent
t characteristic time
L thickness
Ls separator thickness
Subscripts and Superscripts

ion ion species
tot total
int intercalation
SEI solid electrolyte interface
LiP lithium plating
a anodic, anode
c cathodic, cathode
s solid
a, c, s anode, cathode, separator
l liquid
i interface
eq equilibrium
e f f effective
max maximum
ave average
re f reference
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Abstract: This work conducts a post-mortem analysis of a cycled commercial lithium-ion pouch cell
under an induced inhomogeneous pressure by using a stainless-steel sphere as a force transmitter to
induce an inhomogeneous pressure distribution on a cycled lithium-ion battery. After the cycling,
a macroscopic and microscopic optical analysis of the active and passive materials was executed.
Also, scanning electron microscopy was used to analyze active material particles. The sphere shape
results in a heterogenic pressure distribution on the lithium-ion battery and induces a ring of locally
high electrochemical activity, which leads to lithium plating. Furthermore, a surface layer found on
the anode, which is a possible cause of electrolyte degradation at the particle–electrolyte interface.
Significant deformation and destruction of particles by the local pressure was observed on the cathode.
The analysis results validate previous simulations and theories regarding lithium plating on edge
effects. These results show that pressure has a strong influence on electrolyte-soaked active materials.

Keywords: inhomogeneous pressure; localized plating; mechanical stress; separator; tortuosity;
ICP-OES; scanning electron microscope; lithium-ion battery

1. Introduction

Today, lithium-ion batteries (LIBs) are omnipresent in everyday life. After their commercial
introduction, LIBs have largely superseded other battery technologies due to their superior properties.
They are used in nearly all portable devices such as mobile phones, smartwatches, cameras, laptops,
e-cigarettes, and power tools. Furthermore, LIBs are increasingly penetrating the automotive market,
where the battery is a crucial component for mobility. The battery cells of an electric car still account
for the largest share of vehicle costs, and therefore, the lifetime and reliability of this component is
essential. In almost every application, LIBs are integrated into housings and must be mechanically
clamped. Previous work indicates that the design of a battery module consisting of several battery
cells in terms of mechanical bracing is the crucial element of lifetime and reliability. Cannarella et al.
showed that too much initial pressure applied to LIBs decreases their lifetime due to closed pores in
the separator, which causes undesirable degradation effects [1].

Further work by the same research group shows that these effects can include local lithium
deposition and dendrite growth, affecting electrochemical kinetics [2–5]. Wünsch et al. show that
not only the initial pressure is an essential factor for the lifetime of LIBs, but also the type of bracing.
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Usually, a rigid bracing is used in the construction of LIB modules. Since LIBs with a graphite anode
expand during the charging processes, under thermal stress and over a lifetime, the pressure on
the cells in the module increases over time [6,7]. According to Wünsch et al., the cycle life can be
significantly increased with a quasi-constant force bracing in contrast to the usually applied fixed
bracing [7]. From this, it can be deduced that the application of constant pressure can significantly
improve the lifetime of LIB modules.

While the work discussed in the previous paragraph analyzed the influence of homogenous
pressure in LIB, also inhomogeneous pressure must be considered for real-life applications as the
mechanical bracing used in battery modules does not always ensure that the pressure homogeneously
distributed. The work of Cannarella and Liu shows that local mechanical deformations of the separator
can cause local lithium plating due to inhomogeneous ion flux distributions [4,5]. Furthermore,
the work of Tang et al. has shown that lithium plating occurs preferentially at electrodes edges of
LIBs due to geometrics effects, which generates overpotential at the edges of the electrodes and leads
to conditions which favor lithium plating [8]. Other investigations by Rahe et al. using Nano X-Ray
tomography show particle cracks and current-collector corrosion on the cathode side [9], which also
leads to a local pressure increase and strongly influences the porosity and thus the tortuosity of
the active, cathode and anode, as well as the passive, separator, materials. Another effect observed
by Waldmann et al. is that mechanical deformations occur at the jelly roll of a round cell at the
end of lifetime. This mechanical deformation induces local inhomogeneous pressure on the active
materials [10], which leads to inhomogeneous ion flux distributions and causes lithium plating.
Bach et al. linked the sudden degradation effect at the end-of-life of round cells triggered by the
appearance of lithium plating confined to small characteristic areas at the jelly roll, generated by
heterogeneous compression, and mention the importance of cell and pack design considering a well
mechanical bracing without inducing unwanted effects [11].

As presented in the previous paragraph, mechanical defects of the separator are linked to lithium
plating. For lithium plating to occur, the local anode potential must be below 0 V vs. Li/Li+ [8,12].
Only under this condition, it is energetically more favorable for the lithium-ions to bond with each
other and form metallic lithium. Especially for graphite anodes, lithium dendrites will continue to
grow under this condition. Furthermore, as the lithium metal is exposed to the electrolyte, electrolyte
degradation products (EDPs) will be produced, so that the lithium dendrites are covered with a thick
lithium–electrolyte interface (LEI) [13]. This degradation process directly leads to capacity loss and gas
formation. Also, localized defects can lead to local lithium deposition and dendrite growth, and the
plating of lithium could trigger a short circuit by the penetration of a thin separator. In the worst case,
dendrites can lead to catastrophic failure due to associate these internal short circuits and lead the LIB
into the thermal runaway, as it happens in case of the Samsung Galaxy Note 7 [12,14].

Most of the previous work concerning local deformation of the separator and the resulting
lithium plating was only carried out on half-cell experiments in the laboratory. The separator
was locally deformed before installation in the half-cell causing locally closed separator pores,
which lead to uneven ion currents [2,4,5]. There is no work available that has investigated local
induced inhomogeneities in commercial pouch cells. Therefore, in this work, local pressure is
applied to a commercial high energy pouch cell manufactured by Kokam SLPB526495, and a local
deformation applied to the LIB. A stainless-steel sphere used as a force transmitter, which leads to radial
inhomogeneous pressure distribution. The LIB cycled under this mechanical load. A post-mortem
analysis (PMA) of the cell stack and the active and passive materials was then performed to analyze
inhomogeneities in state of charge, surface layer formation, and particle morphology.
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2. Materials and Methods

2.1. Investigated Lithium-Ion Battery

For the experiment, a LIB of the manufacturer Kokam SLPB526495 with a capacity of 3.3 Ah is
used. The LIB is specified for a charging current of 2C and a voltage range of 2.7 V to 4.2 V between 0
to 45 ◦C. According to the manufacturer, the cell is made of a graphite anode, a Li(NiCo)O2 cathode,
and an EC/EMC mixture with LiPFO6 as an electrolyte. Figure 1 shows the mechanical structure of
the LIB which consists of two electrode stacks connected in parallel. The first stack consists of six
double-sided coated anodes, five double-sided coated cathodes, and one one-sided coated cathode.
The second stack consists of one additional double-sided cathode. Each stack individually wrapped in
a Z-shaped separator.

Figure 1. Dimensions (in mm) and internal construction of the Kokam SLP526495 cell.

2.2. Experimental Setup

For examination and cycling of the lithium-ion battery, the cell test system Digatron
MCFT 20-05-50ME with a current measurement precision of 0.2% is used. The measurement setup
during cell cycling depicted in Figure 2a. In order to exert inhomogenous pressure, a stainless-steel
sphere with a diameter of 4 mm placed on the center of the cell surface. A quasi-statically force is
applied to the sphere via a hydraulic press so that the cell deforms—the applied force is measured with
a load cell placed between the sphere and the hydraulic press. The applied pressure was chosen based
on the analysis of Wang et al. and Tran et al. to apply as much force as possible without damaging
the active material particles. Wang et al. suggests a pressure of 10 to 20 MPa as optimal pressure
regarding the compression and contacting of graphite particles during the calendaring process of
anodes after coating [15]. According to Tran et al., the pressure during calendaring of NCA cathodes is
significantly higher and optimal at 500 to 692 MPa [16] . Therefore, a pressure of 20 MPa was chosen
for the experiments.

The applied force by the press in order exert this pressure is calculate based on the formula for
Hertzian pressure for a sphere-plane configuration. For this calculation, the Young’s modulus of
the LIB must be known. As this quantity varies with cell type and not stated in the cell’s datasheet,
different forces were applied to the cell, and the penetration depth was measured using a dial gauge.
After this series of tests, a force of 1.4 kN with a penetration depth of 0.8 mm was determined to
achieve a maximum pressure of 20 MPa in the center of the area under the sphere. Assuming the LIB to
be an elastic body, Young’s modulus can be approximated to be 210 MPa. Nevertheless, since the active
materials in LIB are porous and consist of multi-particle components, the force will be distributed over
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the particles. Therefore, the maximum local pressure could be much higher due to the tiny contact
areas of the complex porous particle system. By applying the pressure, defects induced in the materials
beneath the sphere. As the pressure decreases towards the edge, Figure 2b–d shows a transition area
created where the porosity increases and therefore creates an unevenly increasing ion flux.

Another essential effect of particles in LIBs is the swelling during the lithiation process, and this
adds additional local pressure on the contact areas. Also, the deposition of lithium metal will lead to
an increase in the local pressure due to thickness change and stress the local particles furthermore.

Figure 2. Setup and principle of the experiment (a) Li-cell with stainless-steel sphere and load cell (b)
non-deformed state (homogeneous ionic current distribution yellow arrows) (c) deformed state due to
inhomogeneous induced pressure distribution (d) deformed state with inhomogeneous flow field of
ionic current density.

To analyze the cell aging under the above-described inhomogeneous mechanical pressure,
the tested cell then cycled several times. Before cycling, the pressure adjusted to 1.3 kN at a cell
voltage of 3.55 V and a temperature of 20 ◦C. After the application of the pressure, the cell relaxed for
30 min and was then charged with 1C to 4.15 V until the force increased to 1.4 kN. The force increases
due to the swelling of the graphite anode particles during the charging process [17]. The LIB has then
cycled in CC/CV mode three times with a current of 1C between 4.2 V and 2.7 V. The CV-phase takes
30 min in each cycle. During cycling under the hydraulic press, the force fluctuated by a maximum
of 150 N. Finally, the cell was fully charged with a current of 1C to 4.2 V and then opened for a
post-mortem analysis.

To evaluate the influence of inhomogeneous pressure during the operation of a commercial, two
stacked pouch, cell one cycled, and one uncycled were analyzed in this experiment. Subsequently,
the surface of carefully selected areas analyzed by scanning electron microscopy analysis (SEM).
The electron microscope used was a Leo Supra 35 VP from Carl Zeiss AG with an INCA Energy 200
EDS detector from Oxford Instruments. Best images were recorded using an in-lens BSE detector in a
working distance of 7 mm at a high vacuum (10 to 6 mbar) with an acceleration voltage of 5 kV. EDS
spot measurements or mappings were carried out at 10 kV. The uncycled cell was opened in a pristine
state and acted as a reference cell. Individual dry layers of the anode and cathodes were pressurized
with a homogeneous pressure of 30 MPa to have a comparison to the inhomogeneous pressure effects
on the electrodes of the LIB.

The cycled LIB was opened fully charged at 4.2 V under argon atmosphere in a glove box, as in
the fully charged state, inhomogeneities within the cell can be better identified. A particular property
of graphite is a color change depending on the lithiation, i.e., the state of charge. While completely
delithiated graphite that corresponds to an SOC of 0% is black or gray and between a lithiation state
0% to 30% the color is very similar to that of the pristine graphite (gray-black), it discolors with
increasing lithiation over dark blue (30 to 50% SOC) and red (50 to 90% SOC) to golden (90 to 100%
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SOC) [18,19]. This property makes it easy to determine the lithiation and thus SOC inhomogeneities of
the opened cell.

The cathode electrode compositions are measured with Varian 725 induced coupled plasma-optical
emission spectrometer (ICP-OES) (Agilent, Santa Clare, United States of America). For this, a disc
of the double-coated electrode with a diameter of 20 mm is taken. This sample is washed with
Dimethylcarbonat (Dimethylcarbonat Msynth plus, Merck KGaA, Darmstadt, Germany) before it
is dissolved in aqua regia. The solution was filled with distilled water until a 100 ml solution was
obtained. This solution was analyzed with the ICP-OES.

3. Results

3.1. Cathode Compositions

The ICP-OES and EDX analysis shows that the cathode of the cell contains 64% Ni, 35% Co and
1% Al. Two particle types, a flake shaped layered LiCoO2 particle, and a spherical LiNiO2 particle
was identified on the cathode by EDX during the SEM analysis. Based on these two analyses, we
conclude that the active cathode material is either an NCA/LiCoO2 mixture, a so-called blend material,
or a mixture of LiNiO2 and LiCoO2. As the Al content identified by ICP-OES can also be caused by
contamination during the separation of the active cathode material and the aluminum current-collector,
both material combinations are possible.

3.2. Post-Mortem Analysis

In this section, we first present the results of the optical PMA of the entire electrode surfaces.
Figure 3 shows all electrode and separator sheets. Each number in Figure 3 corresponds to a galvanic
element, 23 for the entire cell. Since the cell has been opened fully charged, most anodes are fully
lithiated and, therefore, gold. As a first peculiarity in Figure 3, it is noticeable that in contrast to
all other anodes, anode 1.8 and 1.12 is not fully lithiated. In the middle of the anode and cathode
sheets, the pressure point of the sphere is visible. Abnormality of color can find in and around the
pressure point at the anode, where a silver ring is visible. According to Cannarella et al. [4], this ring
suggests the deposition of metallic lithium. This empirical observation matches the model of lithium
deposition during cell charging of Tang et al. [8]. In the following, we will discuss all peculiarities of
the consequence of inhomogeneous pressure on the cell stack.

Figure 4 shows three 1.8, 1.12, and 2.1 galvanic elements where the top cathode corresponds to
the bottom anode. These galvanic elements are optically very different from the others in the cell after
the experiment. Only the pressure point in the middle had been active Figure 4b,d,f, recognizable by
the silver-colored ring in the middle of the anode as has been observed for all anodes. Also, the four
dots, where the separator sticks together with the electrodes, in the corners are lithiated Figure 4b,d
recognizable on the gold color around the dots. As a result of this, these dots stick on both electrodes
and are therefore still active compared to the rest of the electrode. During the disassembly of the stack,
no peculiarity regarding the contact of these anodes to the cathode was noticeable. A possible reason
for the lack of lithiation could be that the pressure of the sphere caused the cell stack to bend so that
the electrochemical contact of this electrode pair was lost during the cycling. Especially the points
in Figure 4d, show a wave structure in the lithiation between the dots. Such wave structures can be
created by bending and holding on to several points, so that the separator is folded in this region.
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Figure 3. Optical post-mortem analysis after cell opening (a) stack 1 top (b) stack 2 bottom.

The galvanic element 1.12 in Figure 4c,d, which consists of an anode from stack one and a
cathode from stack 2, also shows a very inhomogeneous lithium distribution around the pressure
point. A possible reason for this is the transition from stack 1 to stack 2. The center of the anode 1.12 is
lithiated more than the edge areas, which can be explained by the higher contact pressure in the center.
In stack 2, all layers are lithiated similarly, and the pressure points have a similar appearance as well.
The anodes of stack two elements 2.1 to 2.3 show an additional silver-colored diagonal line within the
silver-colored ring in Figure 4f, which is very pronounced at 2.1 and almost entirely decreases up to
2.3. Also, the pressure point on the separator of galvanic element 2.1 is much darker than the other
pressure point of the separator. For cathode layers 1.8 and 1.12 in Figure 4a,c, a silver-colored circle is
also visible within the pressure area. The authors have no explanation for this coloration, and a change
in color due to lithiation of the cathode is unknown in the literature, and the ICP-OES analysis shows
no abnormality.

Figure 4. Optical PMA (a,d) galvanic element 1.8 (b,e) galvanic element 1.12 (c,f) galvanic element 2.1.
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Figure 5 shows an example of an anode, cathode, and separator. The anode has a length of
60 mm and a width of 83.5 mm; compared to the cathode in Figure 5b, the anode is 1 mm bigger
in all dimensions. Therefore, the edge of the anode becomes electrochemically inactive and does
not participate in the charging and discharging process. For this reason, there is a black edge here
called anode overhang. This anode overhang of the negative electrode beyond the edge of the
additional positive capacitance and prevents lithium plating from occurring before the cutoff potential
is reached [8].

The pressure point on the anode Figure 5a shows the anode with different color tones that
corresponds to a different state of charges, and a silver-colored ring with the inner radius Rinner and
the thickness of 1.8 mm, which indicates where the high ion flux starts and leads to lithium plating.
This high current density rapidly builds a lithium metal layer on the particle surface. In this region,
the anode voltage vs. Li/Li+ decreases to negative values, and metallic lithium deposited on the
anode particles. Inside of this outer border region, a second ring with a very dark electrode surface
has formed. As the dark color corresponds to a low state of charge, this area seems to be less active.
Within the second ring, there is also a gold shimmer. One possible explanation is that the inner area was
still active during cycling due to very inhomogeneous local pressure in this area. The non-transparent
separator in this area supports this possibility. Nevertheless, the diffusion of lithium from active
electrode parts outside the pressure area into the pressure area cannot be excluded. The initial cell
voltage was 3.55 V, which corresponds to a SOC of 22%, where the graphite anode has not yet changed
color [18]. Therefore, this area was lithiated during cell cycling.

The pressure point at the separator in Figure 5c has the same radius Rout as Rinner, which indicates
the beginning of a transition zone of weaker pore closure, where a very high ion current density occurs.
The intact separator outside the pressure area has a white color, and in the innermost edge of the
pressure area, the separator becomes transparent. This transparent separator appears dark in the
pictures presented here as the background behind the separator was black when the pictures made.
The transparent separator indicates a pore closure as shown by Cannarella et al. [4]. Furthermore,
in the pressure area, the separator becomes brighter again, where it assumed that the pores have not
completely closed and that a part can still be active.

Figure 5. Exemplary layers of (a) Anode (b) Cathode (c) Separator.

3.3. Scanning Electron Microscope Analysis

To get a deeper understanding of the influence of pressure on active and passive materials on a
microscopic level, the two cells were analyzed by SEM. The effects of homogeneously pressed dried
electrodes compared to the effects of heterogeneously pressed cyclical cells should give an idea of
how strong the effects could be. Since the pressure was adjusted so that the active materials are not
damaged according to [15,16] and the experiments on the single electrode sheets, the particles should
occur without damage. Considering the applied pressure is above 10 MPa, an irreversible pore closure

21



Sustainability 2019, 11, 6738

should occur in the [2]. Before the SEM analysis, the separator was sputtered with silver atoms to
prevent static charging during measurement. For the cathode and anode, this is not necessarily due
to their electrical conductivity. Figure 6 shows an SEM image of the separator in the area below the
sphere, direct at the boundary, and in an area without applied pressure area. In Figure 6b,c, the open
pores of the separator are visible, here the separator is fully intact. Due to the uniform lithiation in
this area, it is assumed that the ion current density had to be homogeneously distributed in this area.
Figure 6d,e shows a region with closed pores and only a small region with open pores as marked red
in Figure 6e. This mixed region of open and closed pores confirms the observation of the PMA that the
region inside the silver ring with the gold shimmer was at a higher state of charge compared to the
initial state. In the dark region at the boundary of the pressure area, the pores fully closed as shown in
Figure 6f,g. This dark region of fully closed pores proves that the pressure was strong enough to close
the pores, which results in a very uneven ion current density distribution so that locally very high ion
current densities occur. This heterogeneous pore structure leads to an uneven current distribution of
the electrochemical system. According to Tang et al., this is strongly influenced by the balance of ohmic
resistance from the electrolyte and kinetic resistance at the electrode interface, which is influenced
by diffusion in the graphite. Uneven current distributions influence the possibility of lithium plating
because of the generation of overpotential [8]. This analysis coincides with the observation in the PMA,
where lithium deposition was observed in the form of a silver ring in all anodes.

Figure 6. SEM image from separator (a) General view (b,c) unpressed region (d,e) pressed region in
the center under the sphere (f,g) edge of the pressed region under the sphere.

Cannarella et al. builds a model of separator pore closure within a LIB based on Tang et al. [4,8].
The results of the model match with the observations of our experiment. The simulation from
Cannarella et al. predicts a ring-shaped shape of the current density distribution around the pore-closed
area on the negative electrode surface. Furthermore, by including the lithium plating kinetics and
varying the corresponding plating exchange current density, the model calculates that the local
potential of the anode vs. Li/Li+ will be negative around the pore-closed area so that the deposition
of lithium will occur. This negative potential of the anode leads to lithium plating on the anode.
Lithium plating is likely to lead to increased localized mechanical stress as this deposition can lead
to measurable changes in anode thickness [20]. This local increase in thickness causes additional
mechanical stress and could lead to further deformation of the components in the cell. Even if the
simulation of Canarella et al. [4] is only a rough estimate of the real phenomena since the kinetics of
lithium plating on graphite electrodes is still poorly understood. This work here and the simulation
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complement each other very well and jointly support the theory and understanding of the kinetics of
lithium plating.

Previous publications of Cannarella et al., Lui et al. and Peabody et al. [2,4,5] mainly investigated
the influence of defects in the separator, a question that remains to be clarified: What influence does
the pressure have on the active materials in a commercial cell under cycling conditions? Figure 7
shows an SEM image of the cathode. The SEM image in the pressure region Figure 7b–d shows that
the pressure was so high that the particles were strongly deformed that contradicts the pressure data
of Tran et al. [16] and our experiments conducted on the uncycled single electrode sheets. In contrast,
in these analyses, the active material is soaked with electrolyte and (de)lithiated during the application
of pressure, which induces additional higher pressure on the particle due to the volume expansion
of the graphite. Therefore, it assumed that both effects could have strongly influenced on the elastic
properties of the particles. Figure 7c shows that the most NCA particles crushed and the LiCoO2 flake
in Figure 7d decompose in the direction of their layer structure. These cracks expose new surfaces
to the electrolyte and enables an electrochemical degradation of the electrolyte, which introduced at
the particle–electrolyte interface, the so-called cathode–electrolyte interface (CEI) [21]. The analogous
process, as with graphite anodes, can cause lithium loss and gas formation.

Figure 7. SEM image of cathode (a) general view of the cathode (b–d) pressed region.

In the SEM analysis of the anode, two regions in Figure 8a analyzed, as these differ significantly
from their morphology and structure. In Figure 8b the border of the two regions is marked with a green
line. The images of the anode in the pressure region in Figure 8f–h show that the contrast of the image
deteriorates due to electrostatic charging of the sample during the SEM. It seems as if a new insulating
layer has formed here, since the samples are electrostatically charged during the SEM. The influence on
the electrochemical kinetic could come from squeezing the electrolyte partly away into the peripheral
area. From this analysis, it cannot be determined whether the mechanical load deformed the graphite
flakes. A possible cause for the insulating covering layer could be the growth of the solid–electrolyte
interface (SEI). This layer can grow when new particle surfaces created by particle cracking exposed to
the electrolyte. Microscopic analysis of the silver ring in Figure 8c–e shows a fine structure compared
to the two previously discussed regions. This microstructure could be lithium dendrites or reaction
products with deposited lithium. Unfortunately, metallic lithium cannot be determined with EDX and
remains unexplained for the time being.

Figure 8. SEM image of the anode (a) overview (b) boundary of the silver ring to the pressure area
(c–e) internal pressed region (f–h) transition zone (silver ring).
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An uncycled cell was analyzed microscopically using SEM to compare pristine active materials
with pressed active materials from the cycled cell. Furthermore, a dried single electrode layer of anode
and cathode was put under a homogeneous pressure of 30 MPa, which is higher as the pressure in
the experiment with the sphere, in order to compare dried pressed electrodes with soaked, cycled
electrodes from the same LIB type. In Figure 9a–c, the particles of the pristine lithiated cathode
are depicted. Figure 9d–f depicts the pressed lithiated cathode, which is like the pristine cathode.
No deformed or crushed particles were observed. Also, the anode in Figure 10 shows no significant
change under a homogeneous pressure of 30 MPa.

Figure 9. SEM image of a uncycled cell (a–c) overview of a pristine lithiated cathode (d–f) pressed area
of a single lithiated cathode layer with 30 MPa.

Figure 10. SEM image of a uncycled cell (a–c) overview of a pristine delithiated anode (d–f) pressed
area of a single delithiated anode layer with 30 MPa.

4. Conclusions

In this work, a sphere was used as a force transmitter to induce an inhomogeneous pressure
distribution on a cycled LIB. The sphere shape results in a heterogenic pressure distribution on the
LIB, which has its maximum in the middle point and decreases towards the edge and induce a ring of
locally high electrochemical activity that leads to lithium plating. The force of 1.4 kN, which results
in a maximum pressure of 20 MPa, was chosen so that only the separator closes its pores, and no
influence on the positive and negative electrode should take place. The experiment in this thesis has
shown that pressures in this low range are sufficient to cause defects in the active materials.

A macroscopic PMA of the cell shows that local mechanical effects change the properties of
different components. Very inhomogeneous state of charge on individual layers show that these lose
contact from each other in the multi-layer system. This contact loss indicates an internal bending of
the layers due to different mechanical stress. Moreover, a discoloration was found on the individual
two cathodes for which there is no explanation. Furthermore, the PMA showed that the load on the
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separator at the pressure point was very different, which could be seen optically by different color
changes or transparencies. The edge of the pressure point had the most substantial color change,
which indicates a secure pore closure of the separator. The center indicated a still partially active
region. A silver ring of metallic lithium around the pressure point found on all anodes during the
PMA. The lithium plating ring had a width of 1.8 mm and began where the substantial color change of
the separator ended. A high current density due to the pore closure of the separator generating an
overpotential in this region and create conditions which favor plating created the lithium plating ring.

A microscopic examination at selected locations on the separator, anode, and cathode confirmed
and showed new findings regarding the effect of the pressure point on the LIB. The examination of
the separator confirmed that below the pressure area, the separator was still partially active, as partly
closed and open pores found in this region. The edge area of the separator showed closed entirely
pores, which led to the uneven current distribution. The findings of the cathode show that almost all
particles were crushed and deformed under pressure. Although the chosen maximum pressure should
theoretically be too low for this, therefore, there must have been additional pressure development.
The additional pressure development during (de)lithiation of the particles can be an explanation for
the extreme increase in pressure. Since the graphite expands by 5% to 11% [17,22] and the cathode
expands by 1% to 2% [17,23] the increase in pressure is probably caused by the anode over the cycling.

Moreover, it assumed that the fact that the particles were soaked with electrolyte has changed their
elastic properties. Therefore, the authors assume that the pressure influence of dry active materials
cannot be transferred to battery cells with filled electrolytes and has a strong influence. The findings of
the anode show a transition of the pressure point to the lithium plating ring. In the area of the pressure
area, a new insulating layer has formed on the particles because the SEM images have become blurred
due to electrostatic charging. In the area of the lithium plating ring, the morphology has changed. This
microstructure could be lithium dendrites or reaction products with deposited lithium.

Overall, homogeneous pressure distribution on LIB must be considered during the battery module
design, especially pressure points with small areas should be prevented that can lead to unexpected
phenomena. This pressure points can result in high-pressure development within the LIB during
operation, causing lithium plating and dendrite growth, which can cause short circuits by penetrating
the thin separator and trigger a thermal runaway.
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The following abbreviations are used in this manuscript:

LIB Lithium-Ion Battery
EDP Electrolyte Degradation Product
LEI Lithium–Electrolyte Interface
PMA Post-Mortem Analysis
SEM Scanning Electron Microscope
EDX Energy Dispersive X-ray Spectroscopy
ICP-OES Inductively Coupled Plasma-Optical Emission Spectrometry
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EC Ethylene Carbonate
EMC Ethylmethyl Carbonate
LiPF6 Lithiumhexafluorophosphat
LiCoO2 Lithium-Cobalt(III)-oxid
LiNiO2 Lithium Nickel Oxide
NCA Lithium Nickel Cobalt Aluminum Oxide (LiNiCoAlO2)
NMC Lithium Nickel Cobalt Manganese Oxide (LiNiCoMnO2)
SOC State of Charge
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Abstract: This paper proposes a testing method that allows the monitoring of the development of
volume expansion of lithium-ion batteries. The overall goal is to demonstrate the impact of the
volume expansion on battery ageing. The following findings are achieved: First, the characteristic
curve shape of the diameter change depended on the state-of-charge and the load direction of the
battery. The characteristic curve shape consisted of three areas. Second, the characteristic curve
shape of the diameter change changed over ageing. Whereas the state-of-charge dependent geometric
alterations were of a reversible nature. An irreversible effect over the lifetime of the cell was observed.
Third, an s-shaped course of the diameter change indicated two different ageing effects that led to the
diameter change variation. Both reversible and irreversible expansion increased with ageing. Fourth,
a direct correlation between the diameter change and the capacity loss of this particular lithium-ion
battery was observed. Fifth, computer tomography (CT) measurements showed deformation of
the jelly roll and post-mortem analysis showed the formation of a covering layer and the increase
in the thickness of the anode. Sixth, reproducibility and temperature stability of the strain gauges
were shown. Overall, this paper provides the basis for a stable and reproducible method for volume
expansion analysis applied and established by the investigation of a state-of-the-art lithium-ion
battery cell. This enables the study of volume expansion and its impact on capacity and cell death.

Keywords: lithium-ion batteries; ageing; mechanical fatigue; volume change; measurement technique;
silicon anode

1. Introduction

Mechanical characteristics of lithium-ion battery cells are of major importance when designing
applications with maximized energy density and lifetime [1,2]. With the inherent volume variations
during the use of lithium-ion batteries, the integration of cells into modules, packs, and systems needs
to account for geometric variations and the induced mechanical stresses changing with state-of-charge
and state-of-health [3,4]. In this context, an inappropriate design will lead to premature ageing of
components on all levels. In extreme cases, a mismatch of volume requirements and device integration
can lead to catastrophic failure [5].
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In the past, chemical and electrochemical ageing effects of lithium-ion batteries have been the
major focus in the international research community. Topics such as side reactions, the solid electrolyte
interphase (SEI) growth, loss of lithium inventory, and separator clogging have been investigated in
great detail [6–9]. The influence of mechanical ageing has often been ignored and is now attracting
attention with the aim of the highest energy densities and the introduction of alloying materials with
high volume variations during charging and discharging [3]. Moreover, complex system integration in
electric vehicles requires detailed understanding and quantitative prediction of geometric variations as
a function of state-of-charge and state-of-health.

Mechanical ageing might be one of the reasons for early and unexpected cell death, especially
considering that graphite can expand up to 7–12% [3,10,11], Lithium Nickel Cobalt Aluminium Oxide
(NCA) up to 5% [3], Nickel Manganese Cobalt (NMC) 1–2% [3,12,13], and silicon up to 280% [14]
within the given voltage limits. Thus, the question to be clarified is how serious is the influence of
mechanics on cell ageing in commercially relevant cells with respect to its used case?

The volume change can have various causes: The first is lithium migration, in which electrode
materials change in volume as a result of lithium intercalation and deintercalation into their
crystal structures [14–18]. In addition, the gas formation can occur due to side reactions [6,19,20].
Furthermore, it is known that thick layers of electrolyte decomposition products are formed as an
almost impermeable covering layer [6,21,22]. Alternatively, lithium plating can also occur, resulting in
swelling behavior [6,23,24].

It has already been shown by other measurement methods, such as thickness gauge [3,25–27],
pressure [3], digital image correlation, [28] and multi-scale investigation [11], that a volume change takes
place, which is strongly material dependent and measures between 3 and 10% for a full cell [3,11,25–28]
between charge and discharge.

For our study, we investigated an ageing matrix consisting of 51 Samsung 35E battery cells.
Twelve different ageing conditions were applied and a minimum of three batteries per ageing point
were tested. At three ageing points, the C-rate was additionally varied with two batteries each. Before
the data of all batteries can be evaluated in detail, the measuring method must be verified in a first step.
Because long time frames of the study, in combination with expected effects in the lower micrometer
range, it desires a careful evaluation of the method. In this context, the current study evaluates the
application of strain gauges as a valuable tool to monitor geometric changes in cylindrical cells with
high precision. Firstly, the validity of the strain gauge is evaluated by investigating the signal drifts
as a function of temperature and time. Secondly, the results from one battery are presented as an
illustrative example. Finally, a post-mortem investigation was performed. The data of the strain gauge,
in combination with electrochemical characterization, gives information regarding the lithium-ion
battery and their degradation as well as parameters for battery system designs.

2. Materials and Methods

2.1. Investigated Lithium-Ion Battery

A commercially available lithium-ion battery, Samsung SDI INR18650 35E, was selected as the
test object to check the functionality of the strain gauge. Verification measurements and ageing
measurements were carried out on this lithium-ion battery.

The battery’s specifications are given in Table 1. The investigated battery was a high-energy
lithium-ion battery with a usable voltage range of 2.65–4.20 V according to the datasheet of the
producer [29].
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Table 1. Specification of the investigated lithium-ion battery [29].

Samsung SDI INR18650 35E

Diameter Max. Φ 18.55 mm
Length w/o terminals Max. 65.25 mm

Cell weight 50.00 g max
Standard discharge capacity Min. 3350.00 mAh

Charging voltage 4.20 V
Discharge cut-off voltage 2.65 V

Max. charge current 2.00 A

Max. discharge current 8.00 A (for continuous discharge)
13.00 A (not for continuous discharge)

Operating temperature
(cell surface temperature)

Charge: 0 to 45 ◦C
Discharge: −10 to 60 ◦C

Initial internal impedance
Initial internal impedance measured at AC 1kHz after

Standard charge.
Initial internal impedance ≤ 35 mΩ

Computer tomography (CT) measurements were performed in order to obtain more information
about the geometry and construction details of the investigated battery cell. A Werth TomoScope HV
Compact (Werth Messtechnik GmbH, Gießen, Germany) was used with a microfocus transmission
tube with up to 225 kV. All shown images have a resolution of 38 μm/voxel. The visualization software
myVGL 3.2.5 (Volume Graphics GmbH, Heidelberg, Germany) was used for analyzing the data.

One Samsung 35E lithium-ion battery was opened under an argon atmosphere. A remaining
voltage of 2.60 V was measured directly before opening. Spatially distributed discs of the double-coated
electrodes, with a diameter of 20 mm, were taken. As preparation, each sample was washed with
Dimethylcarbonat (Dimethylcarbonat Msynth®plus, Merck KGaA, Darmstadt, Germany) before it
was dissolved in aqua regia. The solution was filled with distilled water until a 100 ml solution was
obtained. Induced coupled plasma-optical emission spectrometer (ICP-OES) was conducted on this
solution. The electrode compositions of anode and cathode were measured with Varian 725 induced
coupled plasma-optical emission spectrometer (Agilent, Santa Clare, USA). The electrodes and the
separator were evaluated by their surface morphology and color using a Keyence VK-9710 laser
microscope (KEYENCE DEUTSCHLAND GmbH, Neu-Isenburg, Germany).

Electrical Tests

For examination and ageing of the lithium-ion battery, the cell test system Digatron MCFT
20-05-50ME with the precision of the current measurement of 0.2% (Digatron Power Electronics
GmbH, Aachen, Germany) was used. The temperature sensor Dallas Semiconductor DS18B20 (Maxim
Integrated, San Jose, USA) with a precision of ±1 ◦C was located on the lithium-ion battery case close
to the strain gauge.

The lithium-ion battery test was conducted in a temperature chamber Binder MK 720 (BINDER
GmbH, Tuttlingen, Germany) with a temperature precision of ±2 ◦C. The experiment was conducted
at a constant ambient temperature of 25 ◦C. However, the lithium-ion battery temperature may have
changed due to self-heating depending on the current.

The battery was electrically aged by charge-discharge cycling. The ageing cycles were performed
at 25 ◦C and a mean state of charge (SOC) of 50%. A cycle depth of 50% was chosen. The lithium-ion
battery was charged with 0.5 C to the upper charging voltage limit and discharged Ah-based to avoid
voltage drift.

In order to determine the ageing of the lithium-ion battery, check-ups were performed at
25 ◦C. Check-ups were done every 50th equivalent full cycle and included capacity determination,
pulse resistance, and quasi-open-circuit voltage (quasi-OCV) characteristics. During the check-up,
the lithium-ion battery was first discharged down to 2.65 V, followed by a pause of 10 min. Then the
battery was charged with 0.5 C (1.7 A) up to 4.20 V, followed by constant-voltage charging up to
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I < 0.02C (maximum 180 min). Afterwards, the lithium-ion battery was kept at rest for 30 min before
the capacity was determined with a discharge of 0.5C until the voltage of 2.65 V was reached, followed
by a pause of 10 min. Next, the lithium-ion battery was charged, followed by a pause of 30 min.

The quasi-OCV was measured with a current of 0.1C. For this, the lithium-ion battery was
discharged down to 2.65 V and charged up to 4.20 V with a current of 0.1C, followed by a pause of
30 min.

2.2. Strain Gauges

The strain gauge 1-LY11-6/120A from HBM Germany (Hottinger Baldwin Messtechnik GmbH,
Darmstadt, Germany) was attached to the lithium-ion battery housing with superglue Z70 (Hottinger
Baldwin Messtechnik GmbH, Darmstadt, Germany) according to the enclosed manufacturer’s
instructions. It was assumed that the height (z-direction) of the battery does not change, as there is
enough buffer in the housing in this direction. Therefore, it was assumed that only the diameter will
change. In order to measure the change in diameter without the influence of edge effects, the strain
gauge was placed in the middle of the housing height in the circumferential direction.

The area and the measuring grid area of the strain gauge were 6 × 13 mm2 and 6 × 2.7 mm2,
respectively. The resistance of the strain gauge was the electrical resistance between the two connecting
cables. The change in volume of the measuring body caused a strain of the measuring grid. Due to the
strain of the measuring grid, the resistance of the measuring grid changed [30]. This resistance change
induced a signal which was amplified by a measuring amplifier Q.bloxx A116 120/350 and converted
into a strain ε in μm/m by Gantner Q.station 101DT (Gantner Instruments Test & Measurement GmbH,
Darmstadt, Germany) according to Equation (1).

ε =
signal

k
× 4

F
× 1000, (1)

The signal is the measured signal of the strain gauge. The k factor is the characteristic value of a
strain gauge. The value here is k = 2.04. The bridge factor F indicates how many active strain gauges
are present in the Wheatstone bridge. For a quarter bridge, the manufacturer indicated a value of one.

The resulting diameter change of the cylindrical lithium-ion battery is calculated as follows: It
is assumed that the elongation of the lithium-ion battery in the circumferential direction is constant
over the height of the casing. The change in diameter can be inferred from the elongation of the
circumference using Equation (2).

Δd =
U0 + U0 × (ε− ε(1))

π
− d0, (2)

Δd is the diameter change of the lithium-ion battery. U0 in mm represents the circumference at
the start of the test. U0 is calculated using Equation (3). ε is the measured strain in μm/m and d0 is the
diameter at the start of the test. In our case, this corresponds to 18.5 mm.

U0 = π× d0, (3)

3. Results

3.1. Analysis of Cylindrical Cell

The Samsung 35E was analyzed by ICP-OES. The anode consists of graphite and a small fraction
of silicon was detected. The cathode consists out of nickel-cobalt-aluminum with a high amount of
nickel as the cathodic active material.

The construction of the Samsung 35E lithium-ion battery cell consists of a jelly roll with a mandrel
in the centre, see Figure 1. The electrode is wound 19 times around the mandrel. The current tab of the
anode is located at the outer edge of the jelly roll, see Figure 1a. The cathode current tab is placed in the
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middle of the jelly roll. The diameter of the entire lithium-ion battery is given as a maximum value of
18.55 mm, according to the datasheet [29]. For the calculation using Equation (2), 18.5 mm was used.

Figure 1. (a) Computer tomography (CT) measurement of an as-received Samsung 35E (347) with
the location of the electrode tabs. (b) Remaining capacity over equivalent full-cycle measured during
check-ups with a current of 0.5 C of Samsung 35E (170, 171, 172, 305) of the electrical ageing at a mean
state of charge (SOC) of 50% and a cycle depth of 50%. Each cell was displayed in a different color.
The red crosses mark the time of the check-ups.

Figure 1b shows the remaining capacity of four lithium-ion batteries over equivalent full cycles.
The cycle ageing was performed at a mean SOC of 50% and a cycle depth of 50% for all four battery
cells. As can be seen, these lithium-ion battery cells aged linearly first at a rate of 0.5C, which was above
the recommended maximum C-rate in order to accelerate ageing effects. Afterwards, the remaining
capacity dropped strongly. All four cells showed a fast cell death. The reason for the fast cell death
may be the increased C-rate of 0.5C. The manufacturer recommends 1/3C. If this battery is aged with
1/3C, it reaches clearly higher cycle numbers of more than 1000 equivalent full cycles. Furthermore,
rather large variations in ageing characteristics can be seen at this ageing point. This fits the rather
large variations in ageing characteristics, which had been observed for this battery type in the entire
ageing matrix. Since these results are not the focus of this paper, they will be described in another
paper. In the following, only the battery Samsung 35E 171 will be discussed to focus on the topic of
this publication.

3.2. Validation of the Measurement Process

The strain ε was measured according to Equation (1) and is indicated in μm. According to
the manufacturer, the maximum extensibility of the sensor is 50,000 μm/m [30]. The maximum
strain change in our measurement was 1000 μm/m per full cycle of a lithium-ion battery. The exact
maximum diameter change depends on the preload of the strain gauge. With an alternating strain of
εW = ±1000 μm/m, a zero-point change of εm Δ ≤ 30 μm/m can be expected with more than 107 load
cycles [30]. With our measurements, we perform 100 load cycles per 50 equivalent full cycles (cycle
depth of 50%). This resulted in 100,000 equivalent full cycles until we exceed the limit of 107 load
cycles confirming the suitability of the strain gauge for the current task.

To investigate the volume change of the battery, its diameter change was calculated using
Equation (2). Figure 2a shows the diameter change drift depending on the temperature at five different
temperatures for more than 20 h. The strain gauge was attached as described in chapter 2.2. As can be
seen, the resulting diameter change was stable over the relevant time period.
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Figure 2. (a) Diameter change of a lithium-ion battery cell (197) at different temperatures. (b) Derivation
of the temperature dependence of the Samsung 35E (197) and of an empty battery housing with a strain
gauge including a standard deviation over the measured 20 h.

Based on these results (Figure 2a), a relationship between diameter change of the lithium-ion
battery together with the strain gauge and the temperature can be derived, see Figure 2b. The strain
gauge and the Samsung 35E together are changing their diameter by 0.1 μm/◦C.

In order to determine the temperature influence of the jelly roll (including electrode stack and
electrolyte), the diameter change of a battery housing without jelly roll was measured, see Figure 2b.
The strain gauge and the empty battery housing together are changing their diameter below the limits
of detection.

In order to investigate the temperature cycle stability of the strain gauge, a Samsung 35E lithium-ion
battery and an empty housing with strain gauges were temperature cycled between 0 and 40 ◦C.
Figure 3 shows an extract of the measurement. In total, 15 temperature cycles were performed. Every
ten hours, the temperature was changed in the climate chamber. Figure 3 shows two temperature
cycles of 15 as an example.

Figure 3. Measurement of the diameter change on a Samsung 35E (197) lithium-ion battery during
temperature cycling between 0 and 40 °C. The temperature of the climate chamber was changed every
10 h.

The temperature cycle stability is shown in Figure 4 based on the measurement shown in Figure 3.
In Figure 4a the mean results and the standard deviation of 40 ◦C of the Samsung 35E and the empty
housing are shown. The mean results and standard deviations were calculated from the results shown
in Figure 3. At 40 ◦C, the mean diameter change of the empty housing was stable with a maximum
standard deviation of 0.1 μm. The mean diameter change of the Samsung 35E was decreasing with the
temperature cycle number with a maximum standard deviation of 0.33 μm. Figure 4b shows the mean
results and the standard deviation at 0 ◦C. At 0 ◦C, the same behavior can be observed. The maximum
deviation of the Samsung 35E and the empty housing was 0.1 μm and 0.1 μm, respectively.
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(a) (b) 

Figure 4. Measurement of the diameter change on a lithium-ion battery during temperature cycling
between 0 and 40 ◦C. The temperature of the climate chamber was changed every 10 h. (a) shows
the mean temperature and mean diameter change with standard deviation at 40 ◦C of the lithium-ion
battery Samsung 35E and an empty housing (average of the numbers between 35 and 40 ◦C) and (b) at
0 ◦C (average of the numbers between 0 and 5 ◦C).

3.3. Diameter Change of Samsung 35E During Electrical Ageing

Figure 5 shows the discharge voltage profile and the associated change in diameter over the state
of discharge for a lithium-ion battery cell as-received.

 
Figure 5. Diameter change and voltage profile from a 0.1C discharge between 4.2 and 2.65 V of an
as-received lithium-ion battery at 25 ◦C (171).

At the beginning of the discharge, the diameter change decreases until it reached a minimum
of at approximately 10% state of discharge. Then, the volume rised again up to a maximum at 20%
state of discharge in area 1 in Figure 5. The maximum was below the diameter at the beginning of
the measurement. Afterwards, the diameter change decreased again. Between a state of discharge of
40%–60%, the diameter change was flatter than before. An area with a constant gradient can be seen in
area 2. From 60% state of discharge onwards, the diameter change decreased again until it flattened
out, starting from 75% onwards and remained constant until the lithium-ion battery was discharged in
area 3.

Figure 5 shows a representative measurement. Overall, 51 specimens were tested. The experiments
showed a diameter change of around 10.7 μm with a standard deviation of 4.4 μm for an as-received
lithium-ion battery during a full discharge process.

For the comparison of charge and discharge, the discharged lithium-ion battery was normalized to
SOC of 0%. In a check-up, the battery was first discharged to 0% SOC and then charged to 100% SOC.

When comparing the diameter change of a charge and discharge of a lithium-ion battery, the shape
differed, see Figure 6a. When the lithium-ion battery was charged, its change in diameter increases
directly from 0% onwards, see Figure 6b. When it is discharged, the range up to 10% SOC was rather
flat. The area with a constant gradient between 40% and 60% SOC was more pronounced with the
charge than in the discharge, see area 2. This is where the deviation was most noticeable. During
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discharge, the slope at 30% SOC was greater than during charge. Furthermore, the turning point
became less evident at 60% SOC. The charge and discharge curve cross each other at 30% and 70%
SOC. Afterwards, both curves take the same course. The minimum at high SOCs is showing the same
for both the charge and the discharge, see area 1.

 
(a) (b) 

Figure 6. Diameter change of the Samsung 35E (171) during discharge and charge between 4.2 and
2.65 V at 0.1C and 25 ◦C (a) between stage of charge 0–1 Ah/AhNom and (b) enlargement between stage
of charge 0–0.2 Ah/AhNom.

Figure 7 shows the diameter change due to ageing as a function of SOC and capacity (a) discharge
and (b) charge. Each curve represents one check-up performed on the same lithium-ion battery.
All curves were normalized to the diameter of the beginning of life check-up.

  
(a) (b) 

Figure 7. Diameter change measured with 0.1C over SOC at the check-ups for (a) discharge and
(b) charge. The lithium-ion battery (171) was aged at a mean SOC of 50% and a cycle depth of 50%
with 0.5C.

The shape of the curves remains nearly the same until a remaining capacity of 80%. Then the
diameter change shrinks and the areas 1 and 3 start to disappear. In addition, the distance between the
curves increases. After the seventh check-up the lithium-ion battery suddenly suffered a rapid capacity
loss, see Figure 1b. This was accompanied by a significant increase in diameter. In addition, the area
with a constant gradient in area 2 is no longer clearly visible. There were no major differences between
charging and discharging during ageing. Only the last check-up showed a clearly different curve.
During discharge, the change in diameter increased linearly and the minimum was still recognizable at
the end of the curve. During charge, the diameter change followed an s-shape curve.

Figure 8 shows the diameter change over ageing during discharge at “SOC 0%”, “SOC 100%”,
and the “difference” between both. Two different volume change mechanism can be observed: First,
a reversible diameter change caused by charging and discharging (lithiation and delithiation of the
electrodes), represents here as the “difference” between diameter at “SOC 0%” and diameter at “SOC
100%”. The reversible diameter change “difference” increased with ageing until the end of life of
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the lithium-ion battery. Here, the diameter change difference was decreasing again. Secondly, an
irreversible diameter change can be observed. It was clearly distinguishable with progressing ageing:
The diameter change values at “SOC 0%” and “SOC 100%” change and induced a moving “difference”
during ageing which is reversible. The irreversible diameter change, the basic level of the lithium-ion
battery diameter rised with ageing, both “SOC 0%” and “SOC 100%”. At the end of life, the lithium-ion
battery had a diameter change of above 60 μm in the fully charged state (SOC 100%).

Figure 8. Diameter change measured with 0.1C over remaining capacity at SOC 0%, SOC 100%, and the
difference for discharge. The lithium-ion battery (171) was aged at a mean SOC of 50% and a cycle
depth of 50% with 0.5C.

In addition, it was noticeable that the diameter change curves took an s-shaped course up to a
remaining capacity of 80%, see Figure 8. Thereafter, the expansion increased linearly. The results of the
charge behaved the same as the discharge.

Looking at the increase of the mean diameter change not during the check-ups but during the
cyclisation, it can be seen that the mean diameter change increased slowly up to a cycle number of
about 700 cycles, shown in Figure 9. Afterwards there was a steep increase in the mean diameter
change. This process fits very well to the previously shown diameter changes during the check-ups,
shown in Figures 7 and 8. There are small increases in the mean diameter change due to the check-ups.

Figure 9. Mean diameter change of the Samsung 35E (171). For the diameter change curve, the mean
diameter change from the ageing cycles (SOC of 50% and a cycle depth of 50% with 0.5C) during
charging was used. Therefore, this was applied over cycles and not equivalent full-cycles. The red
crosses mark the time of the check-ups.

The temperature changes during quasi-OCV was less than 1 ◦C. During an entire check-up,
the temperature changed from 25 ◦C to a maximum of 30 ◦C during the capacity test. As can be seen
inFigure 10, the outside mean temperature of the lithium-ion battery during each cycle rised constantly
until a cycle count of 600. Afterwards, the mean temperature increased faster until the end of life.
However, 30 ◦C was not exceeded during the entire aging process.
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Figure 10. Mean temperature of the Samsung 35E (171). For the temperature curve, the mean
temperature from the ageing cycles (SOC of 50% and a cycle depth of 50% with 0.5C) during charging
was used. Therefore, this was applied over cycles and not equivalent full-cycles. The spikes interrupting
the trend are caused by an opening of the temperature chamber or by other batteries aged in the same
climate chamber. The red crosses mark the time of the check-ups.

3.4. Post-Mortem Study of Samsung 35E

Figure 11b shows a CT measurement of the aged Samsung 35E (171) at a remaining capacity of
0.1 Ah/AhNom. The deformation of the jelly roll is clearly visible. The deformation occurs only in the
middle of the jelly roll and especially in the middle of the cell height (z-direction). For the middle five
windings, deformation can be observed.

  
(a) (b) 

Figure 11. CT measurement of (a) an as-received Samsung 35E (347) and (b) the aged Samsung 35E
(171) at a remaining capacity of 0.1 Ah/AhNom. Winding deformations in the middle of the jelly roll are
clearly visible.

When the aged battery was opened, clear deformations were visible in the cathode and anode, as
can be seen in Figure 12a,b. In addition, a grey covering layer was formed, especially in the middle
part of the jelly roll. This part started after the cathode tab. The position of the cathode tab was clearly
visible on the anode due to the complete absence of the coating and the visible copper current collector
(Figure 12c).
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(a) (b) 

 
(c) 

Figure 12. Pictures of electrode coatings of an aged Samsung 35E (171), (a) cathode and (b,c) anode
after cell opening. Deformation and delamination are visible in each winding in the middle of the jelly
roll. On the anode, a grey colored covering layer is visible.

By analyzing the electrodes with a laser microscope, it can be shown that a covering layer was
formed on the anode and cathode. On the anode, the coating was not quite as pronounced in the black
area (Figure 13b) as it was in the grey area (Figure 13c). However, only a few particles were still visible
as in the as-received state. The particles were still visible at the cathode. Only a light covering layer
was formed here (Figure 13e).

   
(a) (b) (c) 

  

 

(d) (e)  

Figure 13. Laser microscope picture of the Samsung 35E, (a) anode as-received (347), (b) aged anode of
a black spot of Figure 12c and (c) aged anode of a grey spot of Figure 12c (171), (d) cathode as-received
(347) and (e) aged (171).
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4. Discussion

As could be shown in the results section, a strain gauge is a very stable and reliable measuring tool.
During cycling of the Samsung 35E, the maximum permissible limit of the sensor, 50,000 μm/m [30],
was not exceeded until the end-of-life of the battery. Herein, a drift of ≤30 μm/m can be assumed at a
cycle number of more than 100,000 equivalent full cycles. The lithium-ion battery considered here fell
below the end of life capacity of 60% as given by the producer [29] already after 420 equivalent full
cycles. Therefore, it can be assumed that the drift of the strain gauge was low enough for a precise
time series measurement. This finding was confirmed with the investigations of the temperature
influence, see Figure 2. Here, the diameter change of the Samsung 35E was measured at different
temperatures for more than 20 h and the temperature influence was determined. It turned out that
the measurement yields stable results at all temperatures. In addition, a linear temperature influence
of the battery and strain gauge of 0.1 μm/◦C could be demonstrated, which renders the temperature
impact on measured results neglectable. Furthermore, it could be shown, that the expansion of the
jelly roll due to temperature change had only a minor impact. Thus, the influence of temperature can
be neglected. Since the lithium-ion battery did not heat up to more than 30 ◦C during ageing, the
temperature influence can be limited to a maximum of 0.5 μm (Figure 10). This can be considered as
minor compared to the measured diameter changes of more than 10 μm during charge and discharge.

As shown in Figure 4 the mean diameter change of the Samsung 35E was decreasing with
temperature cycle number at 0 and 40 ◦C. The reason for this decreasing might be a reduction of the
mechanical stress within the jelly roll or a homogenization of the electrodes. This behavior requires
further investigation. The decrease in the diameter change showed that the irreversible diameter
change from Figure 7 is caused by effect within the battery and that the diameter of the battery was
increasing over ageing.

The diameter change of the discharge process was around 10.7 μm with a standard deviation of
4.4 μm for an as-received lithium-ion battery. Rather large variations in battery production and ageing
characteristics could be the reason for the large deviation in diameter change [31]. Further results
illuminated this aspect and will be reported elsewhere.

If one considers the diameter change during discharging (Figure 5), a characteristic trend can be
seen: It can be divided into three areas. A minimum at high SOC, an area with a constant gradient in
medium SOC region, and a flattening slope towards the end of discharge. The impact of the electrode
material of this effect is still under investigation, but relating our results with the literature suggests that
the effect at low SOC might be caused by the anode [3]. Furthermore, there was little volume change in
the region of medium SOC because of the stage transition of graphite (stage transition: 2L→2 [32]),
which shows a plateau type of characteristic when relating to the state of charge and volume [3].

Due to the differences in diameter change that have been observed between charge and discharge,
it can be assumed that intercalation and de-intercalation induce asymmetric volume changes at anode
and cathode (Figure 6).

As can be seen in Figure 7, the shape of the curves remained nearly the same until a remaining
capacity of 80%. Then, the diameter changes receded and the characteristic shape of the curve at the
beginning of charge and end of charge started to disappear. In addition, the area with a constant
gradient in medium SOC range was no longer clearly visible. This might be explained by a loss of active
material or active lithium which can cause less active volume overall that is used for charging and
discharging or due to the fact that the electrodes have shifted to each other so that not all areas of the
electrodes are used anymore. Pore clogging may lead to an increase in the reversible diameter change
of the battery. In this case, the pores would no longer be available as void space for accommodating the
increase in the volume of the particle during intercalation, so the diameter change of the active material
was translating directly into diameter change of the cylindrical lithium-ion battery as monitored by the
strain gauges.

Figure 4 shows that the irreversible diameter change stems from the battery and not from the
strain gauge characteristic. Hence, the reasons for the irreversible diameter change could be an
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increase of the SEI, the non-uniform formation of a covering layer or lithium plating, or gassing [19–24].
The post-mortem results showed that a covering layer was formed over aging (Figures 12 and 13).
The exact separation between SEI growths, plating or covering layer formation is unfortunately
not possible. In addition, a thickening of the anode could also be observed, which fits in with the
formation of the covering layer. The thickness of the anode changed from 174 μm (347) to 211 μm (171).
The thickness of the cathode stayed constant with 156 μm.

The s-shaped course of the diameter change described in Figure 8 indicated two different effects
that led to the diameter change variation. The s-shape course was completed from a remaining capacity
of 80%. Afterwards, the change in diameter increased linearly. Which effects played a role here is to be
clarified further. The s-shaped course existed up to a remaining capacity of 80%, which correlated well
with the already shown roll over the capacity (Figure 1b).

Furthermore, the irreversible diameter change accelerated significantly at lower states-of-health
(Figures 7 and 8). After check-up seven at around 420 equivalent full cycles, the lithium-ion battery
suddenly lost more capacity from cycle to cycle. This was accompanied by a sudden increase in the
diameter, see Figure 9. It can be assumed that due to the expansion of the anode, the pressure in
the housing was increased to such an extent that the winding was deformed to reduce the pressure
(Figure 11). However, the pressure increased both during the charging and discharging cycles as well
as during ageing due to the ageing effects described.

At this point, it is not possible to say whether the jelly roll deformation is the reason for the
sudden cell death. However, the deformation of the jelly roll could be a reason for the increasing
diameter change.

Overall, there was a direct correlation between the diameter change of the lithium-ion battery
and the capacity. The precise interplay between mechanistic, intercalation driven, and chemical
effects deserves further investigation. The precise interplay between mechanistic, intercalation driven,
and chemical effects deserves further investigation. Nevertheless, Dahn et al. [33] have shown that
macroscopic deposition layers were an indicator of capacity roll-over, which was in agreement with
our results.

The results can be summed up as follows: It is important to consider the volume expansion when
designing and ageing lithium-ion batteries. Therefore, the strain gauges is a stable and reproducible
method to analyze the volume expansion and its impact on capacity and cell death.

5. Conclusions

Electrochemical failure mechanisms like SEI growth, formation of a covering layer, plating, or gas
formation induce mechanical stress and therefore a volume expansion. All factors increasing the
probability for sudden death of the battery cell. A straightforward and reliable method for measuring
the volume expansion and their influence on the state-of-health of the lithium-ion battery is the strain
gauge. As we demonstrated, it yielded stable and reproducible results, when monitoring geometric
variations on the micrometer scale.

The diameter change of the lithium-ion battery described a characteristic trend and is SOC and
load direction-dependent. For as-received batteries of type Samsung 35E, a mean diameter change
of 10.7 μm during a full discharge process was measured. Different phenomena seemed to play a
role in the ageing of the battery so that the change in diameter changed as a function of the ageing
of the battery. Two effects can be observed over ageing using strain gauges: First, an increase of
irreversible diameter change, and second, an increase of reversible diameter change. Both reversible
and irreversible expansion increased with ageing. Overall, two different ageing effects led to the
diameter change variation. CT measurements showed deformation of the jelly roll and post-mortem
analysis showed the formation of a covering layer and the increase in the thickness of the anode.

Finally, direct correlation between the diameter change and the capacity loss of this lithium-ion
battery can be identified. Therefore, the strain gauge is a tool for predicting the sudden cell death and
might even serve as a diagnostic tool for the state-health, including safety aspects.
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Abstract: Modern battery energy systems are key enablers of the conversion of our energy and
mobility sector towards renewability. Most of the time, their batteries are connected to power
electronics that induce high frequency current ripple on the batteries that could lead to reinforced
battery ageing. This study investigates the influence of high frequency current ripple on the ageing
of commercially available, cylindrical 18,650 lithium-ion batteries in comparison to identical batteries
that are aged with a conventional battery test system. The respective ageing tests that have been
carried out to obtain numerous parameters such as the capacity loss, the gradient of voltage curves
and impedance spectra are explained and evaluated to pinpoint how current ripple possibly affects
battery ageing. Finally, the results suggest that there is little to no further influence of current
ripple that is severe enough to stand out against ageing effects due to the underlying accelerated
cyclic ageing.

Keywords: lithium-ion battery; battery ageing; cyclic ageing tests; current ripple; triangular current;
power electronics; DC/DC-converter; half bridge converter; distribution of relaxation times

1. Introduction

Battery energy systems for stationary storages as well as for electric vehicles that are based
on lithium-ion batteries are widely regarded as one of the key technologies to realize the energy
transition [1]. A determined shift could mitigate the most severe aspects of climate change so that
in recent years the research on battery materials, modelling, ageing, systems and integration has
been thriving [2]. Yet, amongst others, a lot of open questions remain in the field of diagnosing
batteries connected to power electronics in practical conversion systems although they are already
comprehensively used in stationary systems and electric vehicles alike. Batteries, connected to power
electronics that play a vital role in stabilising voltage quality and power delivery have been considered
for many years as an important part of so called microgrids that could be a method to secure the
energy supply in power grids with highly distributed feed-ins [3–5]. Moreover, as electric vehicles
will have spread extensively, their battery packs are considered to be used to buffer peaks in power
demand or dips in power supply [6] in vehicle to grid systems thus demanding sophisticated charging
and discharging systems that are based on various power electronic circuits [7–9]. In summary,
every battery in battery energy systems is in some way connected to power electronics, especially
DC/DC-converters. They are based on controlling semiconducting, transistor-based high frequency
switches to modulate the desired voltage or current respectively. Therefore, if costly and bulky filtering
measures were not installed, the cells would be under severe high frequency switching stress. High
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frequency current waves, called ’current ripple’, would be induced on the batteries and could lead to
battery ageing mechanisms that are still unknown or render known ageing mechanisms more severe.
If the results showed no further influence and therefore implied that current ripple does not shorten
the battery life, the results could still lead to improvements in the design of battery energy systems as
filters that are normally used to even out ripple, e.g., in [9–11], could be reduced in size or even be
omitted. It is expected that the severity of current ripple rises with future converters that are based
on silicon carbide (SiC) that operate at very high frequencies of several tens or even hundreds of
kilohertz [12]. However, the common usage of switching frequencies considerably higher than a few
kilohertz are not expected to excite electrochemical reactions thus high frequency current ripple is not
expected to have any severe impact on battery ageing just as it is suggested by the following overview.

In the last years, a small amount of research groups have dealt with those particular questions
in various ways: In [13], De Breucker at al. investigate the influence of current ripple, induced by a
DC/DC-converter connected to a high voltage battery pack that could occur in a plug-in hybrid vehicle.
Based on the switching frequency of 8 kHz the double layer is supposed to be mainly influenced by the
ripple. Instead, their results show that the temperature plays a much more important role. It should
be noted, that only two battery packs have been investigated. In comparison, the authors of [14]
superimpose sinusoidal current waves with different frequencies up to 14.8 kHz on the DC current
that charges and discharges 15 different 18,650 lithium-ion cells with a nickel cobalt aluminium oxide
positive electrode (NCA) in a more detailed ageing test. It is argued that the aforementioned heat
generation, leading to faster battery ageing, might also be caused by the imposed ripple current. Yet,
a direct formula or factor is not given. A second study that deals with the effects of superimposed
sinusoidal current waves can be found in [15]. Instead of NCA, more than 18 commercial cells with a
positive electrode that is made of nickel manganese cobalt oxide (NMC) are used. Again, the authors
stress that elevated temperatures cover possible effects originating from small current ripple. Finally,
Bessman et al. give a short but comprehensive review of additional research in this particular field
in [16]. Moreover, they carry out measurements with underlying triangular waves using twelve larger
prismatic cells that are more comparable to cells that are used in high energy and/or high power battery
storage systems. Compared to the other studies and most of those further mentioned within them,
the work that is presented in [14] stands out since it is one of the very few that suggests a significant
connection between current ripple and accelerated ageing. Moreover, most explanations remain vague
and have to be categorised only as well thought-out assumptions. Thus, this present study has two
goals: On the one hand, it is a further investigation on the effects of current ripple induced by practical
DC/DC-converters on cylindrical 18,650 NMC lithium-ion batteries. The results of comparative cyclic
ageing tests using ripple currents and comparatively unperturbed DC-current respectively, are shown
and analysed thoroughly. On the other hand, the authors try to give further explanations as to why
it turns out to be quite challenging to find reliable answers to the specific question of how exactly
alternating currents affect battery ageing. The particular approach at hand is organised as follows:
Section 2 is a detailed description about the hardware setup, the design of the cyclic ageing tests
and the investigated battery are introduced. For the ageing tests, a DC/DC-converter to cycle the
batteries has been developed. Its working principle and control algorithms are introduced shortly.
Furthermore, regarding the test procedure, the converter is accompanied by conventional battery test
equipment, that delivers mostly undistorted DC-currents, so that correspondent ageing tests with
DC-currents that do not have significant current ripple can be carried out. Those ageing tests follow a
set of rules that are established to be able to analyse the preassigned ageing parameters, to make the
ageing tests as comparable as possible and to narrow down side effects that could overlay the influence
of current ripple. In Section 3 the ageing results for a representative batch of ageing parameters is
given, described in detail and more uncommon methods are introduced shortly. The depiction of the
ageing results is focused on the comparison between the conventionally aged cells and those aged
with ripple current. Subsequently, the results are discussed and analysed critically at the ends of each
subsection. To conclude, in Section 4 the results are classified and rated. Based on this, further advice
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for the practical use of batteries that are connected to power electronics is given so that future battery
energy storage systems can be used in an optimal way.

2. Experimental

In this chapter, the circuit for the cyclic ageing tests is proposed, the setup is shown and the design
of the ageing tests is elaborated. The battery that has been used in every ageing test is a commercially
available ’LG 18650 HE4’ cylindrical 18,650 lithium-ion battery with a graphite anode and a cathode
made out of cobalt-, nickel- and manganese oxide (NMC). Its nominal capacity is CN = 2.5 A h,
measured at a 1 C discharge from the end-of-charge voltage UEOC = 4.2 V to the end-of-discharge
voltage UEOD = 2.5 V.

2.1. Ripple Current Test Circuit

The short literature overview in the introduction has already been a glimpse of how challenging
the investigation of the influence of current ripple on battery ageing appears to be. First of all, well
suited test equipment has to be found. Keeping the focus on the selected literature, the authors
of [14–16] use signal generators to induce sinusoidal or triangular waves on the DC-current flowing in
and out of the batteries. This is a very viable approach since the spectra only consist of the fundamental
wave in case of the sinusoidal excitation or in the well known form of odd harmonics that decline in
orders of 1/n2 in case of triangular ripple currents. Thus, these methods have the highest potential
for reproducibility but cannot be seen as a practical approach. Especially a pure sinusoidal excitation
should be considered carefully as a recent study [17], has shown, that using higher harmonics is
a feasible tool to analyse the electrode reactions. Thus, an impact of higher current harmonics on
the quality of the electrode reactions cannot be excluded. At the cost of higher noise and a slight
signal dependency on the state of the circuit, actual DC/DC-converters might also be used as cycling
circuits that induce ripple currents on the batteries as De Breucker et al. have done in [14]. They use a
half-bridge converter with a high voltage battery pack. Although one can expect the most practical
results, it comes with a lot of constraints such as expected noise because of the voluminous setup and
very high currents or voltages, respectively. Besides, a high voltage system is more hazardous and
makes repeated tests with more cells or battery packs quite costly.

In this paper, a reasonable compromise is found: Using the widely known half bridge converter
as shown for example in [18] at low voltage as a foundation to cycle single cells is still a practical
approach that is cheap, scalable and does not have to deal with high voltage and severe noise. Figure 1
shows the basic working principle of the circuit. The battery is located at the low side and is connected
directly to the smoothing inductance. At the high-side a 12 V voltage source or a resistive load with a
smoothing capacitor are connected to the circuit with a simple switch, depending on whether the the
battery is charged or discharged, respectively. Low- and high-side are interconnected with field-effect
transistors (FET) and their internal body diodes. In Figure 1a,b, the current flow is given, depending
on the operation mode. Assuming lossless and ideally fast switches, an ideal inductor, that UCHA is a
constant voltage source, that Ubat and uCa are approximately constant or rather their time constants
are large compared to the switching frequency the differential equation

−L
dibat

dt
= uL = Ubat − uUCHA︸ ︷︷ ︸

charge mode

or (Ubat − uuCa)︸ ︷︷ ︸
discharge mode

(1)

with u ∈ {0, 1} yields the linearly rising and falling current wave, that is depicted in Figure 1c,d
respectively. Thus, the battery current is basically a triangular wave that is induced on a mean value
ibat comparable with the approach in [16].
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Figure 1. Equivalent circuit diagrams of the half bridge converter used for current ripple ageing tests.
The solid line depicts the current flow through the battery while the upper transistor is turned on whereas
the dashed line depicts current flow through the battery with the lower transistor being turned on.

Combining the differential equation

Ca
duCa

dt
=

1
RL

uCa (2)

that affects the system while discharging the battery with Equation (1) yields the full dynamic
description of the circuit model in the upper half of Figure 1. However, it is more convenient to separate
the equations as indicated by the switch on top of the circuit diagram and design independent control
algorithms for charging and discharging, i.e., for the highlighted paths in Figure 1a,b respectively.
In both cases, the output variable is the same as the state variable ibat. The control loop is based
on a state feedback controller taken from a textbook such as [19]. It is designed so that the output
asymptotically follows the desired value ibat, i.e., the charge or discharge current of the battery. As the
other state variable uCa , that does not appear while charging, is not measured while discharging, a state
observer, e.g., as in [19], has to be added. A full block diagram is shown in Figure 2a. As indicated
in the picture, the control algorithms are carried out on a microcontroller. In this case, it is an ’ARM
Cortex-M4’ on an ’Infineon XMC4700 Relax Kit’. Moreover, an interface is implemented so that the
cycling circuit is able to communicate with a PC via USB. The incoming measurements on the PC are
gathered, visualised in real time and continuously saved with a GUI that is implemented in LabView.
On top of that, the case comes with basic I/O-features and a status display. A representative photo of
the circuit is shown in Figure 2b.

2.2. Ageing Test Structure

In order to be able to relate ageing phenomena with ripple current, the ageing tests are based on
comparison with ageing results of identical ageing tests, that are conducted as a reference test on the
conventional test system ’Arbin BTS2000’. It is not the aim of this work to formulate a comprehensive
ageing model for the tested battery. That is why the ageing matrix, depicted in Table 1, only consists of
two different cycle depths ΔDOD1 = 100% and ΔDOD2 = 10%. Moreover, every cell that has been
exposed to ripple current is marked with the letter R in a dark yellow or light orange, respectively.
Consequently, the cells that are aged by the conventional tests system are marked with a dark green C.
ΔDOD1 has been chosen as one cycle depth so that the ripple current might cause higher ageing rates
because of higher or respectively lower high-frequency overpotentials, that shortly deep discharge or
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overcharge the battery respectively and might remain undetected by a battery management system in
a practical application. As it is presented in [20], very low or very high SOC affect rapid SEI-growth,
the occurence of Inhomogeneities, co-intercalation of solvents or accelerated decomposition in general.
Thus, the main question to be answered is: Is it possible and if so, how is it possible to separate ageing
effects and connect them solely to the current ripple? Besides, batteries that are aged with deep full
cycles age much faster, see e.g., [21], so that the experiment becomes statistically more evaluable faster
due to the possibility to test larger amounts of cells at the same time. In contrast, it is commonly
accepted by now that low cycle depths such as ΔDOD2 around a low or medium SOC result in much
slower ageing rates. Thus, superimposed ageing mechanisms such as the current ripple appear much
stronger so that it should be easier to detect its expected influence. This mindset draws through
the other parameters of the ageing tests as well. All tests are conducted in a temperature controlled
environment in an oven (Memmert UF55) at an only slightly elevated temperature of 35 ◦C so that
calendar ageing is reduced to a minimum as indicated in [22]. Besides, the mean state of charge is
always SOC = 50% and the cells are always cycled with a current rate of Icyc = 2.5 A which translates
to a current rate of 1 C compared to the nominal capacity of CN = 2.5 A h. At this current rate and a
switching frequency of fS = 5 kHz. the amplitude of the current ripple is going to be around 0.29Icyc

at SOC = 50%, ranging from 0.22Icyc at the discharge cut-off voltage of 2.5 V to 0.32Icyc at the charge
cut-off voltage of 4.2 V, dependant on the battery’s terminal voltage.

System (Half Bridge Converter)

Control Loop (μC)

ẋ = Ax+Bu

y = Cx

˙̂x = Ax̂+Bu

+H(y −Cx̂)

y

x̂

∫
σ

ŷ

r

-

−K̃
u

(a) State feedback controller with
state observer for discharge mode

(b) Illustrative photo of the half bridge
converter cycling circuit

Figure 2. Observer based control is used since uCa is not measured. In charging mode, no observer is
needed as the only state variable iL = −ibat is directly measured. In the background of the photo on
the right, the ripple current is observable on the oscilloscope.

Table 1. Distribution of the cells between the four different ageing tests. SOC and ϑ are kept constant
at 50% and 35 ◦C, respectively.

Test Systems

ΔDOD Conventional Ripple Current

100% C1, C2, C3, C4 R1, R2, R3, R4, R5, R6
10 % C5, C6 R7, R8

In Figure 3a, the general structure of every ageing test is depicted. It mainly consists of three
parts: The cycling with one hundred full cycles at a time, periodical check-up measurements to obtain
updated ageing parameters, cycling tests and occasional electrochemical impedance spectroscopy (EIS)
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to gather information on the dynamic behaviour of the tested battery. It should be further noted that
for C1 and R1 check up tests have been done every fifty full cycles to have some information about the
influence of the check up tests on battery ageing and about the probability of missed information if
the check-ups are to far apart from each other. Just as the reference ageing tests, the check-up tests
for the rippled batteries are also conducted at the conventional cell tester to minimize differences
induced by different test equipment. The general structure and course of the check-up is depicted in
Figure 3b. Within the tests, the remaining capacity after a full discharge with 1 C= 2.5 A is measured
at the beginning. Afterwards, the cell is fully discharged and charged with a much smaller current,
i.e., |I| = 0.2 C= 0.5 A, to obtain information that can be used to calculate the differential voltage
analysis (DVA) [23]. The rest of the check-up consists of partial discharges and charges and subsequent
relaxations over thirty minutes so that the evolution of the cell’s inner resistance is also taken care
of, albeit not shown in this article as the results do not contribute anything unique to the evaluation.
If the cell is still functional, it will be cycled again. In this work, an arbitrary limit such as eighty
percent remaining capacity is not used as it is unclear, whether there is any severe ageing because of
current ripple, that appears in the nonlinear part of battery ageing [24]. Therefore, ageing tests are not
necessarily ended at typical limits.

In addition to that, the dynamic impedance is measured with a Zahner IM6ex every two hundred
cycles at three different states of charge, i.e., SOC1 = 80%, SOC2 = 50%, SOC3 = 20% with a
bandwidth of f ∈ [100 mHz 100 kHz].

Initial Check-up

Initial EIS

Cycling:

100 full cycles

Check-up

Continue? Y/N

N

End

Y

Every

200 FC

EIS

(a) Block diagramm of
the ageing tests

(b) Voltage and current profile of every check-up test

Figure 3. Procedure of ageing tests with the current and voltage profile shown on the right side.

3. Results and Discussion

The following section deals with the comparison of the capacity loss, the differential voltage
analysis (DVA), the impedance and the distribution of relaxation times (DRT) between the cells, that
are either exposed to ripple current or the cells that are cycled with the conventional test system. For
each method, the battery groups, related by cycle depth, are compared to each other. Normally, it
is refrained from investigating each individual cell as the amount of different potentially affecting
parameters renders such assumptions pointless. It is assumed that only a possibly resulting general
trend leads to representative and reproducible results.
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3.1. Capacity Loss

The capacity diminution is seen as one of the most important parameters to define ageing as
it is directly connected to electric vehicle range or the amount of time a storage system can operate.
Accordingly, the capacity fade is also referred to as the ’state of health’ (SOH) such as in e.g., [20,25]
so that the remaining capacity is directly linked to the remaining usability of the battery in practical
applications. In Figure 4, the capacity evolution for each tested cell is depicted. The Figure 4a represents
the cells that have been cycled with ΔDOD1 = 100% whereas Figure 4b shows the evolution of the
capacity for the cells with a much lower ΔDOD2 of 10%. To reduce the business of Figure 4a due to
the higher amount of tested cells, the same measurements are shown in Figure 5 as mean values with
errorbars, that represent the upper and lower bounds of confidence intervals for a probability of 95%.
It should be noted that the markers in Figure 5 are arbitrarily set at every fifty equivalent full cycles
as the results have been interpolated to make the statistical analysis possible. Besides, the suddenly
increasing slope of the ripple current graph in Figure 5 comes from premature cell failure of R2, R3 and
R5 as indicated in Figure 4a. Throughout all tests a major similarity can be noted: The capacity drops
quite steeply in the beginning of the tests. Interestingly, the capacity depletion of the cells cycled with
ΔDOD1 slows down at roughly 0.8C0 which is a common reference point for the transition between
linear and nonlinear ageing [24,26]. Later on, the typical spread between faster and severely faster
aged cells as reported in [27] is observable. Furthermore, it becomes visible in the last part of the graph
that the rippled cells and the conventionally aged cells are grouped respectively which is easier to
distinguish in Figure 5. At the same time, the upper and lower error bounds become much larger.
However, this grouping should not be over-interpreted as it only occurs at late stages of battery life
beyond a SOH of approximately 70 % and is expected to be linked to premature cell failures (see above)
and the volatile region of nonlinear battery ageing that could also be due to statistical spread induced
by production tolerance as investigated in [27].

(a) Capacity loss for the cells cycled with
ΔDOD1 = 100 %

(b) Capacity loss for the cells cycled with
ΔDOD2 = 10 %

Figure 4. Results of the capacity loss for cells cycled with high and low ΔDOD1/2. Instead of
CN = 2.5 A h each individual starting capacity C0 has been used as they differ slightly from CN.

The aforementioned grouping is also visible for ΔDOD2, as seen in Figure 4b. In opposition to
the fully cycled cells, R7 and R8 age a bit faster than the conventionally aged reference cells C5 and C6.
Moreover, the contradictory observation between Figures 4b and 5 cannot be explained satisfactorily
in another way than statistical spread. It is assumed, that an absence of the unexpected early failure
of cells R2, R3 and R5 would have led to a more similar trend of the mean values. Moreover, the
uncertainty of the statistical approach rises as the number of analysed cells diminish. Therefore, the
analysis of the capacity loss leads to the assumption that the effect of a deep cycle depth greatly
outmatches the influence of current ripple whereas the influence of current ripple could be visible for
the partially cycled cells instead.
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Figure 5. Capacity loss of cells cycled with full cycles as mean values with a confidence interval of 5%.

3.2. Differential Voltage Analysis (DVA)

In recent years, the differential voltage analysis (DVA) has become a common tool to analyse
the behaviour of the electrodes of a lithium-ion battery, primarily the behaviour of the anode [23,28].
It is based on the derivation of the voltage with respect to the transferred charge or the respective
SOC. Characteristic local maxima or minima, respectively, correlate with the phase changes of the
graphite that is commonly used as an anode material such as within the investigated cell. Thus,
the ageing effects are visible in the depiction of the DVA-curves. However, the phase changes are
only clearly visible for very low charge or discharge currents that do not cause high and therefore
overlapping overpotentials. In this study, a current of IDVA = 0.5 A which translates to 0.2C0 is used as
a compromise between visibility of characteristic elements and measurement time.

In Figure 6, three exemplary graphics are shown to illustrate the results of the DVA. The pictures
are separated by ΔDOD1/2 and the respective SOH, as on the left side in Figure 6a, the cells cycled
with ΔDOD1 are shown after a capacity loss of roughly 20 % whereas on the right side in Figure 6b
the cells cycled with ΔDOD1 are shown by the time the cells approximately reached a capacity loss of
30 %. As it can be seen in Figure 4a, the cells are not necessarily cycled with the same amount of cycles
at that particular point. Besides, one cell is left out in Figure 6b. The rippled cell R2 has broken down
before it has reached the desired capacity drop of 30 %, so that it is not shown in this particular picture.
For further comparison, the DVA-curves, obtained at the initial check-up are also shown in light grey
for each cell. They overlap each other well which is an indicator for the highly precise and reliable
manufacturing of the cells. As it can be seen in Figure 6a,b, the overlapping continues as the cells age.
This is expected until the cells reach a SOH of 80 % and is even maintained in regions beyond a typical
capacity loss of 20 %. As long as the DVA is executed for cells with the same capacity loss, even a
distinction between rippled cells and conventionally aged cells is impossible let alone cells of the same
group. In Figure 6c, it is possible to spot the different curves. However, the grouping that has been
reported for the capacity loss is not as clearly visible as before. As a reason of the aforementioned very
minor differences, especially for cells cycled with ΔDOD1, the only further analysis the plots could
be used for, is the analysis of cyclic ageing effects in general as the diminution of the local extrema
due to degradation of the anode and shortening due to capacity loss are typical features. However,
the authors refrain from this as it is not in the scope of this work and discussed thoroughly in the
literature [23,28,29]. In addition to that, a look at Figure 6 in accordance with [29] reveals that, given
the same SOH, i.e., the same capacity loss, substantial changes of the anode surface and therefore the
voltage plateaus of its intercalation reaction are mostly linked to the cycle depth. This is one reason
why the SOH has been used as the control variable to pick the proper check-up test for comparison.
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Thus, current ripple does not seem to contribute in a way the cycle depth already does on its own to
the loss of active material or loss of active lithium , respectively as it would have been observable in
the DVA-curves otherwise.

(a) DVA for cells cycled with ΔDOD1 =

100 % until roughly 20 % of capacity loss.
(b) DVA for cells cycled with ΔDOD1 =

100 % until roughly 30 % of capacity loss.

(c) DVA for cells cycled with ΔDOD1 = 10 % until roughly 17 % of capacity
loss.

Figure 6. Comparison of the DVA of aged batteries for ΔDOD1 = 100% and ΔDOD2 = 10%. The initial
DVA-curves of every cell are shown in light grey.

3.3. Impedance Measurements

For a lot of years, the electrochemical impedance spectroscopy (EIS) has been one of the most
widely used methods to analyse any electrochemical system [30]. Based on the assumption that
electrochemical systems are approximately linear and time-invariant (LTI), a galvanostatic excitation
with a sinusoidal current over a broad band of frequencies ω yields the impedance

Z(ω) =
U(ω)

I(ω)
.

This impedance can be used to derive a dynamical model of the measured cell or to analyse ageing effects
as the behaviour of the impedance is directly linked to corresponding characteristics of the cell such as the
electrode reactions or diffusion. The trend of the impedance is normally visualised as a Nyquist plot in
the complex plane. This visualisation can be seen in Figure 7a,b in the same way as the results for the DVA
are presented in Figure 6, i.e., at the same SOH to minimize unwanted discrepancies between the groups
of cells because of different capacity losses. A picture that shows the spectra at SOH = 80 % is omitted as
it does not supply any further information compared to the impedance spectra shown at a capacity loss
of 30 %. The shown frequency range is fEIS ∈ [1 mHz 10 kHz] since high frequency parts above 10 kHz
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do not show any distinguishable differences between the aged cells. Moreover, the inductive reactance
rises significantly at higher frequencies so that this area has been also cut due to better visibility of the
capacitive area. Furthermore, general statements about the alteration of the spectrum because of cyclic
ageing are neglected again to keep the focus on the comparison. As expected, the intersection of the real
axis, often referred to as the inner resistance Ri, e.g., in [30], rises as the cells age. It should be noted that
the spread between the initial intersections has been equalised in Figure 7a,b to improve comparability.
Taking this into account, a further grouping is visible as most inner resistances of the rippled cells have
grown slightly larger compared to the conventionally aged cells. More information is gathered, if the
polarisation of the electrodes is taken into account. Considering the new cells, the representation of the
electrodes cannot be distinguished. This changes as the batteries age since both flattened semicircles
separate from each other and become wider. Except for one rippled cell in each group, i.e., R6 and R8, no
clear differentiation between the rippled and the conventionally aged cells is observed. Moreover, it is
challenging to derive the most prominent time constants that cause the spectra at hand, yet this valuable
information is a nominal asset to compare rippled and non-rippled cells even further.

(a) Spectra for cells aged with
ΔDOD1 = 100 % at approximately
the same SOH of 30 % capacity loss

(b) Spectra for cells aged with
ΔDOD2 = 10 % at approximately
the same SOH of 17 % capacity loss

(c) DRT for cells aged with
ΔDOD1 = 100 % at approximately
the same SOH of 30 % capacity loss

(d) Spectra for cells aged with
ΔDOD2 = 100 % at approximately
the same SOH of 17 % capacity loss

Figure 7. Evaluation of impedance measurements as Nyquist curves and as plots of the DRT.
The variation of the intersection of the real axis is corrected in the upper pictures whereas the resistance
Ri is also substracted from the spectra to get the DRT measurements in accordance to [31,32]. The initial
curves are shown in light grey respectively.
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To achieve this goal and to validate whether the slight outlier mentioned before is also visible in
other ways, the calculation of the distribution of relaxation times (DRT) has proven to be a suitable tool
to analyse impedance spectra further [33]. As explained in [30], the polarisation of dielectric materials
such as electrolytes can neither be fully described by a single time constant nor a single RC-circuit,
respectively but rather as a distribution of time constants that is often referred to as the distribution of
relaxation times. It is explained by the representation of the impedance as

Z(ω) = R0 + Rpol

∫ ∞

0

g(τ)
1 + jωτ

d τ (3)

with the inner resistance R0 and the distribution function g(τ) that is usually normalised by

∫ ∞

0
g(τ)dτ = 1

so that the polarisation resistance Rpol, that represents the width of the semicircle in typical impedance
spectra of batteries is separated from the distribution. Thus, g(τ) needs to be calculated. Considering
measurements with a limited amount of m data points Z(ω) over a limited set of m excitation
frequencies ω and an arbitrarily chosen amount of n time constants τk, the integral becomes the
discrete sum

Z(ω) = R0 + Rpol

n

∑
k=1

g(τk)

1 + jωτk
. (4)

As mentioned in [34], this task requires the calculation of an ill posed problem because the improper
’Fredholm integral’ in Equation (3) or the corresponding sum in Equation (4) has to be calculated.
According to [31,32,34] a promising approach is the ’Tikhonov-regularisation’ that converts Equation (3)
to the optimisation problem

min
{
||Ax − b||2 + ||λx||2

}
.

It consists of the matrix A ∈ R
m×n, representing the unweighted RC-elements with the arbitrarily

chosen time constants τk, whose quantity and bandwidth should surpass those of the angular
frequencies ωi of the measurement [32], the vector b ∈ R

m, representing the measured impedance
Z(ωi) and the optimisation factor λ that has to be chosen carefully, [31,34]. The distribution function
g(τ) is stored in x after a successful numerical optimisation with a feasible solving method such as the
non-negative least squares (NNLS) algorithm [31]. Much more detailed information on the calculation
of the DRT is found in [31], too.

In the lower part of Figure 7 the result of the DRT-analysis is shown in correspondence to
the spectra in the upper part. Thus, the graphs basically show the same measurement. However,
the prominently contributing time constants are clearly visible in Figure 7c,d. Besides, it should be
noted that the bandwidth shown in these depictions corresponds to the a priori chosen time constants
τk and ranges from 0.1 mHz to roughly 300 Hz to get the most meaningful representation. A broader
bandwidth of the time constants up to several MHz is used to extend the DRT to the inductive branch
in adaption to [31], modelled as a distribution of RL-circuits which are proposed in [35]. However,
these results are not shown as they do not provide any further useful information. Instead of g(τ),

h(τ) = Rpolg(τ)

is shown on the vertical axis. In both figures, five major peaks can be detected that are in good
accordance with the literature, for example [30] or [33]. The first peak from left to right represents the
diffusion branch. As in the spectra, no distinctive difference between rippled cells and conventionally
aged ones is found. In general, the rise of the peak over the battery ageing implies a flattening of
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the diffusion branch that is not detected without any further analysis in the spectra. The following
peaks are directly connected to the polarisation of the electrodes with two smaller peaks that most
likely represent the polarisation at the cathode and the larger peak in the middle corresponding to
the main anode reaction. These peaks mainly shape the capacitive parts of the spectra. The last
peak is connected to the interfaces between the current collectors and the active mass. Generally,
the observations considering the spectra can be validated by the DRT. Again, cells R6 and R8 are
prominent. Their middle peaks are clearly elevated as compared to the other cells.

Another approach to visualise the information given in the impedance data is shown in Figure 8.
In this picture, the normalised height of the largest peak in the middle of the DRT, representing the
polarisation of the anode, is plotted against the capacity loss as shown in Figure 4a for cells cycled with
ΔDOD1. A slight grouping just as in Figure 4a is detectable as an addition to the general observation
that the polarisation of the anode starts to get worse more rapidly as the capacity deterioration is
getting slower. In this picture, R5 is not shown because the initial EIS-measurement at zero cycles is
missing so that a relative examination is not possible.

Figure 8. Trend of the anode peak at roughly 10 Hz in the DRT-measurements over capacity loss for
cells cycled with ΔDOD1 = 100 %.

As expected, the polarisation of the electrodes changes over time as the cell reactions are
constrained more and more which leads to a rising real part at lower frequencies as the batteries
age. In [20], most of these changes in the dynamic behaviour of the electrodes are linked to SEI-growth
which is most prominently accelerated by a high SOC and higher temperatures. Thus, as the rather
small amplitude of the current ripple does not lead to periodic overcharges due to transient higher
overpotentials that are not recognized by the test circuit, different temperatures while cycling should
lead to different ageing curves. Given the well known fact, that the temperature is linked to ohmic
losses calculated by multiplying the square of the root mean square value (hereafter: RMS-value) of
the current with the internal resistance, a different RMS-value should lead to a different temperature
because the RMS-value represents the equivalent DC-value of the alternating current that would
convert the same amount of energy at a resistive load which is solely heat. The RMS-value of a purely
direct current is the same as the mean value that is used to charge and discharge the batteries whereas
the RMS-value of a triangular wave as in Figure 1 is calculated by

IRMS,R = Imin,R +
1√
3

ΔIR
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so that it is higher than the mean value which could lead to higher temperatures compared to an
undistorted direct current. However, further measurements have shown that the difference in surface
temperature of the cells between rippled and conventionally aged cells is below 2 K. This fits the
observation that the ripple current does not have any clear influence on the dynamic battery behaviour
that exceeds the influence of cyclic ageing in general. The advantage of the DRT that the most influential
processes at the electrodes are visible separately further supports the aforementioned claim as no clear
deviation between the cell groups is visible for any kind of diffusion or reaction process. Moreover, no
direct connection between ripple current and the outliers, visible in Figure 7a–d, respectively could be
found. It is expected that these cells represent the unpredictable spread that occurs in later parts of
battery ageing [27]. To conclude, the spectra are used as a further possible explanation as to why the
ripple does not have any severe impact. The assumption, e.g., in [14,16], that the excitation frequency
of the current ripple, i.e., the switching frequency of the DC/DC-converter, has the highest impact on
the dynamic behaviour of the battery if it is still in its capacitive range and thus provoking unwanted
reactions at the electrodes could be another explanation for the lack of impact of high frequency current
ripple on battery ageing. Switching frequencies of practical DC/DC-converters are typically located at
several kilohertz which usually corresponds to the inductive branch of the battery as illustrated in
Figure 9. In these drawings, the trends over ageing of the impedance spectra of two arbitrarily chosen
batteries C2 and R4 with and without ripple current are depicted. Moreover, an excitation frequency of
5 kHz that is also the switching frequency of the converter is marked for each spectrum. Neither does
the mark change position significantly nor does the inductive branch show any clear alteration because
of ageing. As stated by [35,36], the inductive branch is mostly affected by the geometry of the cell and
the current collectors which does not change due to cyclic ageing not to mention current ripple.

(a) Every spectrum at SOC = 50 % for cell C2
with markers at fEIS ≈ 5 kHz

(b) Every spectrum at SOC = 50 % for cell
R4 with markers at fEIS ≈ 5 kHz

Figure 9. Impedance spectra over ageing for a conventionally aged cell and a rippled one at SOC = 50 %
to illustrate the position of the converter’s switching frequency in the spectra.

4. Conclusions

In this article, the influence of practical DC/DC-converter induced high frequency current ripple
on the ageing of conventional 18650 lithium-ion batteries is investigated. After numerous ageing tests,
the measurements strongly indicate that there is no significant effect of half bridge converter induced
current ripple on battery ageing that outmatches the influence of a deep DOD. However, by reducing
the influence of the cycle depth by using ΔDOD2 = 10 %, slight deviations between conventionally
aged and rippled cells are visible, regardless of the measurement as seen in Figures 4b, 6c and 7b,d. Yet,
a distinct relation between current ripple and these deviations remains debatable. These statements
incorporate themselves into the literature and support the findings of [16] and the literature overview
within. In addition to further literature, e.g., [13–15] the research at hand is able to provide some more
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attempts to explain whether current ripple could be harmful in general and why the detection of any
current ripple affected ageing parameters is rather difficult.

Investigating the influence of current ripple or, more generally speaking, the influence of
AC-excitation on battery ageing implies cyclic ageing tests that most likely influence battery ageing
more than alternating currents as long as the ageing test is made from a practical perspective.
The amplitude of the current should stay within the battery specifications and the current profile itself
is orientated to reproduce typical practical dimensions, i.e., limited current ripple. In concordance
with [14,16], it is expected that alternating currents with amplitudes beyond battery specifications or
at least designed in a way so that the effective value is drastically higher than the mean value lead to
elevated heating of the batteries. However, overextending this approach would lead to accelerated
ageing because of higher temperatures resulting from the high rms-value of the ripple currents.
For comparison: In this study, the temperatures of the rippled cells are elevated by not more than 2 K
compared to the conventionally cycled cells. It is expected that ageing tests that overextend on the
deviation of the effective value from the mean value of the ripple current would reveal that the battery
ageing would be influenced much more by the presence of considerably elevated temperatures than
the influence of ripple currents. On top of that, the influence of elevated temperatures has already been
discussed satisfactorily in the literature, e.g., in [21]. Moreover, such studies would be comparable
to the result of this study that a large DOD affects ageing much more than current ripple. In general,
indicated by the slight deviations between the cells cycled with ΔDOD2 = 10 %, assumed influences
of current ripple are only visible if other ageing influences are minimised.

Further Work

This article joins its solid foundation of referred literature, e.g., [13,15,16], that collectively doubt
the influence of current ripple or alternating current on battery ageing. However, generalisation and
transferability remain problematic as the vast amount of possible parameters connected to ripple
currents that could influence battery ageing produce countless combinations that could be tested.
For example, different DC/DC-converters with different current wave of forms such as bidirectional
flyback converters or resonant converters could lead to new insights. Besides, changing the switching
frequency could lead to different results as indicated in Section 2 in the same way different cell
geometries, cell sizes and electrode materials or even electrolytes could lead to alternative behaviour if
ripple current is induced. Nonetheless, the likelihood of current ripple not needing to be addressed
carefully in practical applications could lead to lower development cost and less filtering effort in future
energy storage systems. In [37,38] the component costs of power electronic systems are evaluated.
Although the authors do not take batteries into account, their research is appropriate for a rough
estimate. According to the studies, a cost reduction up to 20% or even 30% in some cases could be
achieved because lighter and more compact filter capacitors and inductors could be used. By adding
batteries, these values would be reduced fairly, yet smaller filter capacitors and inductors still most
likely lead to cheaper, lighter and more compact energy storage systems which could be a crucial,
prospective benefit in highly competitive markets such as the automobile industry.
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Abbreviations

The following abbreviations are used in this manuscript:

DC direct current
NCA Nickel cobalt aluminium oxide
NMC Nickel cobalt manganese oxide
GUI Graphical user interface
SOC State of charge
DOD Depth of discharge
SOH Sate of health
SEI Solid electrolyte interphase
EIS Electrochemical impedance spectroscopy
DVA Differential voltage analysis
DRT Distribution of relaxation times
LTI Linear and time-invariant
NNLS Non-negative least squares
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Abstract: On the path to a low-carbon future, advancements in energy storage seem to be achieved
on a nearly daily basis. However, for the use-case of sustainable transportation, only a handful
of technologies can be considered, as these technologies must be reliable, economical, and suitable
for transportation applications. This paper describes the characteristics and aging process of two
well-established and commercially available technologies, namely Lithium-Ion batteries and supercaps,
and one less known system, flywheel energy storage, in the context of public transit buses. Beyond the
obvious use-case of onboard energy storage, stationary buffer storage inside the required fast-charging
stations for the electric vehicles is also discussed. Calculations and considerations are based on actual
zero-emission buses operating in Graz, Austria. The main influencing parameters and effects related
to energy storage aging are analyzed in detail. Based on the discussed aging behavior, advantages,
disadvantages, and a techno-economic analysis for both use-cases is presented. A final suitability
assessment of each energy storage technology concludes the use-case analysis.

Keywords: flywheel energy storage; FESS; e-mobility; battery; supercapacitor; lifetime comparison;
charging station; renewable energy storage

1. Introduction

Despite the enormous effort put into the reduction of greenhouse gases, CO2 emissions are still
increasing. Road transport contributes up to 25 percent to the CO2 emissions and represents one of
the fastest-growing economic sectors [1]. A possible strategy to reduce local emissions is to increase
the share of electric mobility consistently. Observing the technical developments of zero-emission
vehicles in recent years, especially energy storage, has proved to be the bottleneck. Despite intensive
research activities, mobile energy storage is still the limiting factor, curbing the success of hybrid and
electric vehicles.

Since the direct storage of electrical energy can be realized only by the capacitors and coils, indirect
storage methods prevail. This means that in a first step, the electrical energy is converted into another
form of energy and subsequently stored for later reconversion into electrical energy. In Figure 1, a short
classification into mechanical, electrochemical, chemical, electrical and thermal energy storage systems
is given.

When energy storage is discussed in the context of sustainable transportation, the first topic that
comes to mind is electrochemical batteries for electric vehicles (EVs). Battery electric vehicles—without
a doubt—play an important role in our path towards zero-emission mobility, but many experts agree
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that the energy revolution will require a mix of different energy storage solutions and transportation
modes, as the “one-size-fits-all-solution” is yet to be invented [2,3].

Figure 1. Classification of energy storage systems according to energy type, including examples.

A further classification is made in Figure 2, where different energy storage types are shown as
a function of their power rating, energy content, and the consequently-related typical charge and
discharge time. The dotted circle in the figure represents the area of particular importance for the
use-case sustainable transportation, limiting the number of different storages to batteries, supercaps,
flywheels and superconducting magnetic energy storages (SMES). However, the selection can further
be reduced as SMES do not yet have the maturity necessary for a real implementation [4,5].

Beyond the obvious use-case of onboard energy storage, stationary buffer storage inside the
required electric vehicle fast-charging stations will also be discussed in Section 3.3. Calculations
and considerations are based on actual zero-emission buses operating in Graz, Austria. The main
influencing parameters and effects related to energy storage aging are analyzed in detail. Based on
the discussed aging behavior, advantages/disadvantages, and techno-economic analysis for both
use-cases is presented. A final suitability assessment of each energy storage technology concludes the
use-case analysis.
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Figure 2. Power rating, energy capacity and discharge time of different energy storage systems for
stationary and mobile transportation applications. Data based on References [6,7].
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2. Properties of Different Energy Storage Systems

To give an overview, Table 1 shows general technical and economic properties of the storage
technologies preselected in Section 1.

Table 1. General characteristic and economic properties of different energy storage technologies
relevant to sustainable transport applications.

Energy Storage Technology
Specific Energy

(Wh/kg)
Specific Power

(kW/kg)
Temp. Range

(◦C)
Cycle life (-)

Mechanical Energy Storage

Flywheel Energy Storage Systems (FESS) 10–100 >10 −30 ◦C to +70 ◦C limitless

Chemical Energy Storage (only Li-Ion Batteries)

Lithium Iron Phosphate (LFP) 90–120 4 −20 ◦C to +60 ◦C 5000–6000
Lithium Titanate LTO 60–80 1 −30 ◦C to +75 ◦C >15,000

Lithium Nickel Cobalt Aluminum oxide (NCA) 200–300 1 −20 ◦C to +60 ◦C 500
Lithium Cobalt Oxide (LCO) 150–200 1 −20 ◦C to +60 ◦C 500–1000

Lithium Manganese Oxide (LMO) 100–150 4 −20 ◦C to +60 ◦C 300–700
Lithium Nickel Manganese Cobalt oxide (NMC) 150–280 1–4 −20 ◦C to +55 ◦C 3000–4000

Electrical Energy Storage

Double Layer Capacitor (DLC) 5–10 >10 −20 ◦C to +60 ◦C 1 million
Hybrid Capacitor 10–20 >10 −20 ◦C to +60 ◦C >50,000

Values refer to cell-level for batteries/supercaps and the rotor only for FESS, neglecting periphery and auxiliary systems.
Some properties strongly depend on operating conditions, such as ambient temperature. Therefore, it must be mentioned
that representative average characteristic values based on References [6,8–17] were used.

2.1. Battery and Superap

Both Li-Ion batteries and supercaps are mature technologies that have been used in various fields
of application since the beginning of the 21st century. However, due to developments in recent years,
Li-Ion batteries have become the energy storage device of choice for most transportation applications.
Because of their popularity, a lot of scientific [6,7,11] and industrial [8–10,12–15], literature (provided
by manufacturers) exists, which can be used to assess certain properties, such as cycle life, aging, etc.
This paper will, hence, give only a short overview and primarily focus on the lesser-known properties
of Flywheel Energy Storage Systems (FESS)—see Section 2.2.

When it comes to “usable/achievable lifetime”, a metric is necessary to ‘measure’ the state of health
of batteries. Typically, capacity and/or internal resistance are used in datasheets of cell manufacturers,
giving some indicators to define the end-of-life (EOL) condition, e.g., a decrease of capacity by
20% or increase of internal resistance by a factor of two compared to the begin-of-life (BOL) values.
In reality, those limits depend on the actual application, and the datasheet’s lifetime values need to be
scaled accordingly. Many applications allow a much higher decrease in capacity than defined by the
manufacturer. This slightly increases initial costs and weight, but tremendously extends service life,
e.g., a typically used value of 33% decrease of capacity results in a BOL to EOL capacity ratio of 1.5
compared to 1.25 for the manufacturer’s 20% value. In this case, the battery would weigh (=cost) about
20% more. However, the lifetime would increase by about 65%. In other words, the battery would
weight (=cost) less for a given lifetime and reach a higher over-all energy throughput. Only small
benefits are gained by pushing it even further. Especially in transportation applications, the initial
increase in weight is the limiting factor.

The achievable lifetime and performance of batteries and supercaps depend on many parameters,
with temperature as the dominating influencing factor. Even though the values are given in Table 1
suggest a wide operating temperature range, a closer look into actual datasheets reveals the problems
within: Temperature must be kept below a certain value in order to reach the highest cycle life. Table 2
illustrates the significant decrease in cycle life when temperatures exceed 25 ◦C.
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Table 2. Temperature dependence of cycle life of an LFP cell from A123 (AMP20 [9]).

Effect of Temperature for 1 C/−C, 100% DOD Cycling for AMP20 Cells

Cycle Count for Different Remaining Capacities at Different Temperatures

Capacity 25 ◦C 35 ◦C 45 ◦C 55 ◦C
90% 2600 1450 850 400
80% 5150 3100 2000 850
70% 7700 * 5000 3050 1200

* Estimate, based on logarithmic extrapolation.

Low temperatures increase the internal resistance and thereby have a detrimental effect on the
performance of the system as well. In the case of supercaps, even at the lowest allowed operating
temperature, the increase is typically around factor two, e.g., the company AVX states an increase of
about 120% at −40 ◦C compared to the reference value at 25 ◦C [8]. This decreased performance is still
sufficient for common applications, and only the efficiency suffers slightly, but the capacity remains
almost the same. Simultaneously, the (increased) losses heat up the supercap and thereby reduce the
negative effects over time.

However, in the case of a battery, these effects are much more severe than in the case of supercaps.
Typically, the temperature influence is already noticeable at around 10–20 ◦C. At temperatures below
0 ◦C, charging is often no longer allowed by the manufacturer. Finally, at the low end of the operating
temperature range, the discharge performance of the cell is typically less than 10% compared to 20 ◦C
values, e.g., References [9,13,15]. Due to this severe decrease in performance, it is often necessary
to heat up the cells before the system is put into operation. According to the Graz Public Transport
Services (GVB), putting a battery electric bus into operation in the winter may take up to 30 min.

The primary significance of high temperature is the decrease of the cell’s lifetime, both calendar
and cycle life. As a rule of thumb, one can assume that the calendar life is reduced by a factor of two
every 10 ◦C increase in temperature (actual values taken from datasheets vary between 7 and 15 ◦C).
The continuous operation at the maximum allowed temperature would reduce the lifetime to just
a few months, or a year at most. An additional factor influencing the achievable lifetime is the cell
voltage, and in the case of batteries also cycle count, depth of discharge (DOD), as well as charge and
discharge rates.

For example, an AVX-SCC series supercap [8] has a base lifetime expectancy of 20 years at 30 ◦C
in a fully charged state. The temperature coefficient is 8 ◦C per factor two in a lifetime, and the voltage
dependence is 0.4 V per factor two in a lifetime (a lower voltage increases the lifetime, but reduces
available capacity)—see Figure 3.

Figure 3. Expected supercap life depending on temperature and maximum voltage. (With kind
permission by AVX Corporation) [8].

63



Sustainability 2019, 11, 6731

Similar to the supercap, calendar life of batteries depends on temperature and end-of-charge (EOC)
voltage. Unfortunately, in many datasheets, only sparse data sets are given. If anything, one usually
finds data regarding temperature dependence. Reasonable EOC voltages for different applications are
rarely mentioned in datasheets/literature, with one notable exception being [15]. Depending on the
application, Table 3 states different suggested EOC voltages. Still, it is not mentioned how much the
lifetime is improved, due to voltage reduction.

Table 3. EOC-voltage depending on the application of a Li-Ion cell (Samsung—INR18650-35E) [15].

Standard Charging Voltage: Battery—4.20 V Cell (Samsung INR 18650-35E)

Application EOC-Voltage Application EOC-Voltage

Portable IT 4.20 V E-Bike/E-Scooter 4.10 V
Power-Tool 4.20 V Electric Vehicle 4.10 V

Medical 4.10 V Energy Storage 4.00 V

Additionally, cycling the battery reduces its lifetime. There is no simple correlation between
charge/discharge cycles and occurred damage. As mentioned before, it not only depends on the cycle
count, but among other factors, also state-of-charge (SOC), DOD and charge/discharge rates. Still,
a few basic and generally valid statements can be made:

• Just like calendar life, cycle life is influenced by cell temperature, but not necessarily with the
same temperature coefficient. e.g., in Reference [9] the calendar life temperature coefficient is
10 ◦C per half/double lifetime, but for cycle life, the coefficient is 14 ◦C.

• Increasing charge/discharge rates reduce cycle life. High cycle life values, as shown in Table 1,
are typically obtained by utilizing low charge/discharge rates, e.g., 1 C (1 h charge/discharge
rate) or even lower. Increasing these rates, as often necessary for high-speed charging or other
heavy-duty applications, reduces lifetime. Especially when the cell is optimized for high specific
energy content, which is mainly the case for most batteries used in electric vehicles, where weight
is of major interest.

• DOD influences the achievable energy throughput [10,14]. For example, Saft Evolion (NCA
chemistry) reaches a cycle life of 4000 cycles for a DOD of 100% [14]. For a DOD of 10%, the cycle
life increases to 250,000, resulting in a total energy throughput equivalent to 25,000 100%-cycles.

One last comment: In the case of rectangular or pouch bag cells, special care has to be taken for
correct mounting that homogeneously compresses the cell with a defined pressure. This is equally
important for the proper functioning of the cell, as well as to achieve long cell life.

2.2. Flywheel Energy Storage Systems (FESS)

2.2.1. Background Information

Prices of Lithium-Ion batteries are decreasing on the global market and energy densities have
reached reasonable values, allowing EVs to travel 200 km and more on one charge [18]. However,
there are still significant technical challenges, which need to be solved, or alternatives need to be
found. One of the major drawbacks of chemical batteries is limited cycle life, which was described in
Section 2.1 and will be discussed in particular in this paper.

It must be stressed that sustainable transportation does not only rely on batteries inside the
vehicles. The increasing primary electricity supply through volatile sources, in combination with high
grid loads caused by charging power demand, requires decentralized electric energy storage [19].
The requirements for these stationary energy storage systems may differ significantly from those of
transportation applications. However, in both cases, long cycle life and negligible aging effects are
usually desired. This is particularly the case when alternatives to chemical batteries come into play.
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One may think immediately of gyroscopic reactions as a major disadvantage of FESS. This aspect
must be considered during system design, but is an issue that can be resolved [20] as they have been
used successfully in various transportation applications (see Figure 4).

 
(a) 

 
(b) 

Figure 4. (a) The famed Gyrobus by Maschinenfabrik Oerlikon in 1953 powered solely by a 1500 kg
electromechanical steel flywheel. (Image credit by Historisches Archiv ABB Schweiz, N.3.1.54627);
(b) A modern transit bus accommodating a hybrid drive train with a flywheel energy recovery system
by PUNCH Flybrid. (Image credit PUNCH Flybrid Ltd., Silverstone, UK).

Flywheel Energy Storage Systems (FESS) has experienced a renaissance in recent years, mainly
due to some of their intriguing properties:

• In principle, an unlimited number of charge/discharge cycles;
• No capacity fade over time;
• Power and energy content are independent of each other;
• Operation at low or elevated temperature is easily possible;
• Precise state of charge (SOC)/state of health (SOH) determination;
• No risk during transportation/uncritical deep-discharge (flywheel stands still);
• No toxicologically critical/limited resources necessarily required.

Due to the above-listed properties, FESS are increasingly used for grid stability or fast-charging
applications, as proposed in References [21,22]. Another example is the currently ongoing Austrian
research project “FlyGrid”, within which a FESS for a fully automated EV charging station will be
developed. One module of this prototype will be used as the reference case and will deliver 5 kWh at
100 kW peak power.

2.2.2. FESS Working Principle

In a FESS, energy is stored in kinetic form; the working principle is based on the law of conservation
of angular momentum. In electromechanical FESSs an external torque is applied to a rotor by the
use of a motor/generator, hence, only an electrical and no direct mechanical connection for power
transmission is required. In order to charge the FESS, the applied torque accelerates the spinning
mass (rotor). If the spinning mass decelerates, energy is taken out of the system, and the motor
acts as a generator. Electrical energy from the grid or other sources can be converted into kinetic
energy charging the FESS. In the case of discharge, the motor/generator decelerates the spinning mass
converting kinetic energy back to electrical energy. This principle is demonstrated in a video in the
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Supplementary Materials, that belongs to this publication. The amount of stored energy is defined by
the rotor’s moment of inertia and the rotational speed, according to Equation (1).

EKIN =
I ∗ ω2

2
, (1)

EKIN Kinetic Energy in J
I Mass Moment of Inertia of the Spinning Mass/Rotor in kg*m2

ω Angular Velocity in rad/s

Different concepts for Flywheel Energy Storage Systems (FESS) exist, but within this publication,
only electromechanical FESS are considered, as they are easily comparable to any other energy storage
system with electric connection terminals. Figure 5a shows a schematic diagram of an electromechanical
FESS. It consists of a motor/generator with a shaft and an attached spinning mass. The shaft is supported
by bearings, which form the connection to the housing. In Figure 5b, the energy content is plotted
over rotational speed visualizing the quadratic increase of stored energy. If high specific energies are
desired, FESS must operate at extremely high rotational speeds, optimally exploiting rotor material
strength. Within this publication, only FESS with high specific energies is addressed. As mentioned in
Section 2.2.1 depth of discharge (DoD) does not influence FESS cycle life.

One effect, which must be considered during FESS design is based on Equation (2)—System
power is proportional to motor torque and rotational speed. It can be observed that, when the constant
power output is required at low rotational speeds, motor-generator torque will reach unnecessarily
high values, resulting in heavier and more expensive electric machines. This is why the minimum
operating speed is usually kept at around 1/3 of the maximum rpm value.

P = M ∗ ω , (2)

P Power in W
M Motor Torque in N*m
ω Angular Velocity in rad/s

Around 89% of the total kinetic energy of the FESS is usable when the system is operated between
33 and 100% of the maximum permissible speed. For that reason, FESS usually operate within a certain
bandwidth and do not decelerate down to standstill during regular operation.
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2.2.3. Self-Discharge of FESS

Losses have an important influence on the suitability of this technology for different use-cases.
The following paragraph gives a short introduction to this topic, starting with the three main causes of
FESS self-discharge:

• Air drag;
• Bearing torque loss;
• Power consumption of peripheral components.

Air drag losses during operation are crucial for FESS with high specific energies. Circumferential
speeds beyond the speed of sound are common and exceed 1 km/s in some cases, which would cause
enormous air drag during operation. This air drag would result in losses and eventually be dissipated
into heat, which causes thermal issues leading to system failure. In order to reduce these losses, FESS
are usually operated in a vacuum atmosphere, and pressure levels down to 1 μbar are common [23].
At such low-pressure levels, air drag losses play only a minor role. Issues regarding lubrication arising
from these vacuum qualities will be addressed in Section 2.2.6. The power consumption of the vacuum
pump and other peripheral components must be taken into account when analyzing the overall system
losses. The power dissipated in the bearings also plays a crucial role and will be discussed in detail in
Section 2.2.5.

Losses do not necessarily represent a problem, when they are below a certain level, but the
benchmark for this threshold depends on the actual use-case. With increasing mean power-transfer
into and out of the FESS, the acceptable level of system losses increases as well.

This means that for long term storage (low mean power-transfer), the power loss threshold is
very low and FESS is not suitable, due to its relatively high self-discharge (hours to days at most).
For highly dynamic and predictable load cycles with high mean power-transfer FESS is more suitable.
This matter will be demonstrated in Section 3 by means of different use-cases.

In the following sections, crucial FESS components will be dealt with, and details regarding their
service life will be discussed.

2.2.4. Rotor Material Selection and Aging

As described in Section 2.2.1 FESS with high energy densities are addressed. Regarding the
rotor, rotational speed, and therefore, energy content is limited by permissible stresses (σmax) in the
rotor. Highest energy densities can be reached when using materials with high σmax

ρ ratios, like fiber
composite materials [1]. However, other materials like steel are being used in practice as well. Table 4
compares the theoretical specific energies of different rotor materials.

Table 4. Possible FESS rotor materials and associated theoretical specific kinetic energy content.

Material Tensile Strength σmax Density ρ Energy Density σmax/ρ

N/mm2 (MPa) Kg/dm3 Wh/kg

Mild Steel 340 7.8 12.1
Standard Electrical Sheet 400 8 13.9

Alloy Special Steel (42CrMo4) 1100 7.8 36.6
Birchwood 137 0.65 58.5

Aluminum (“Ergal 65”) 600 2.72 61.3
Titanium (“ZK 60”) 1150 5.1 62.6

High Strength Steel (AlSi 4340) 1790 7.83 63.5
Metal Matrix Composite 1450 3.3 122
Fiber reinforced plastic

(E-Glass/EP 60%) * 960 2.2 132

Kevlar (“Aramid 49EP”/60%) * 1120 1.33 234
Carbon Fiber (“M60J”) * 2010 1.5 372

Carbon Fiber (“T1000G”) * 3040 1.5 563

* For composite materials a ratio of 60% fibers and 40% (matrix/resin) was assumed.
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A spinning mass with a kinetic energy content of 5 kWh would weigh around 9 kg when made of
carbon fiber reinforced plastic (CFRP) and 137 kg when 42CrMo4 high-strength steel is used, and the
material is fully exploited regarding permissible stress. Commercially available systems reach specific
energies regarding the rotor up to 50 Wh/kg when using CFRP, for steel flywheels, according to values
are much lower.

However, it must be mentioned that the theoretical specific energy values are reduced by design
parameters, such as safety factors, stress concentration (notching), etc. Figure 6 depicts the specific
energy content of various real flywheel rotors with Li-batteries and fossil fuels. To show the enormous
future potential of FESS technology, the theoretical specific energy potential of a rotor made from a
material with properties similar to carbo nano-tubes is shown as well.

 
Figure 6. The specific energy content of selected real world flywheel rotors compared to future rotor
potential and other energy storage [24].

Usually, the rotor weight is being compensated using a magnet (permanent magnetic thrust
bearing), so that the ball bearings are not subjected to the entire rotor weight. The influence of rotor
weight compensation is discussed in detail in Section 2.2.5.

While in theory FESS rotors are also subject to aging, due to fatigue stress (or even creep in the
case of CFRP rotors) it must be mentioned that these phenomena are usually considered during the
design phase by the introduction of a safety factor, and hence, do not result in the capacity fade of the
system. In this regard, even rotors made of CFRP can reach high service life when they are designed
accordingly, and aging of the matrix is considered [25].

2.2.5. Bearings

In most FESS, two fundamentally different bearing concepts are used: Active magnetic bearings
(AMBs) and rolling element bearings (REBs). High costs compared to competing energy storage
devices represent one of the major market entry barriers for FESS. For that reason, the upcoming
sections focuses on low-cost solutions using REBs. Table 5 gives a brief overview of REBs compared
to AMBs.
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Table 5. Comparison of active magnetic bearing and rolling element bearing concepts.

Type Active Magnetic Bearing Rolling Element Bearing

Image

Cost Very High Low

Stiffness Low High

Friction Losses Very Low High (Load and Speed-dependent)

Additional auxiliary energy supply High Not Required

Space requirement High Low

Lifespan Very high High (Load Dependent)

The REB’s service life mainly depends on the applied loads. Generally, bearing loads are caused
by rotor weight and machine dynamics/imbalance forces. There are different approaches to minimize
bearing loads:

• Resilient bearing seat/supercritical rotor operation [26,27];
• Passive magnetic weight compensation [20,28];
• Precise rotor balancing [20,29];
• Active vibration control concepts [30].

Concepts based on active vibration control will not be considered within this publication as they
have not reached readiness for marketing in FESS yet [26]. The other three measures are considered
and explained briefly in the following paragraph using an example with the specific properties stated
in Table 6:

Table 6. Properties of a reference FESS for parameter study regarding bearing life.

Specification of Reference System for Parameter Study *

Energy Content 5 kWh

Peak Power 100 kW

Rotor Weight 130 kg

Bearing Configuration Hybrid Spindle Bearings Myonic 30550 VA—Contact Angle: 15◦,
(X-Arrangement)

Mean Rotational Speed 20,000 rpm

Radial Bearing Load due to Imbalance (Reference) 100 N

Magnetic Rotor Weight Compensation (Reference) 95% (= 65 N axial load)

* Reference FESS module specifications based on the research project FlyGrid.

Axial bearing loads can, in fact, be almost entirely compensated by a passive magnetic lifting
system, as shown in Figure 7, provided the system is designed with a vertical axis of rotation, which is
normally the case. As shown in Figure 8a weight compensation is key to reach reasonable bearing
service life. An attracting configuration using a ring magnet that would directly pull a ferromagnetic
steel element on rotor upward has some disadvantages because of high eddy current losses at high
rotor speeds. Using an additional permanent magnet on the rotor acting as a counter pole, the eddy
current losses can be almost eliminated. For the remaining decision of either pulling the rotor on top or
pushing it upwards from magnets mounted at the bottom, the latter configuration is preferable, due to
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its inherent stability of this configuration taking into account the direction of gravity. A demonstration
video showing this configuration is uploaded in the Supplementary Materials of this publication.

 
Figure 7. Cartoon image of low-cost, low-loss bearing configuration, including passive magnetic rotor
weight compensation.

However, even if the rotor weight is nearly entirely compensated, imbalance forces remain.
Based on a constant imbalance force of 100 N, bearing life for different compensation levels is
shown. Without weight compensation, the bearings last only 21 days, but when 95% of the weight is
compensated, bearing life increases up to more than 90 years. It must be noted that at compensation
levels above 100% one bearing might be completely relieved which may cause slippage of the balls
and lead to rapid system failure [31].

A flexible bearing suspension is used to operate the rotor supercritically. This means that at
least the first two eigenfrequencies are surpassed and “self-centering” of the rotor occurs. During
supercritical rotor operation bearing primarily loads, depend on the bearing seat’s stiffness and the
rotor imbalance and not on rotational speed [26]. Figure 8b shows the decrease of bearing life from
90 years to 25 years, when the rotor imbalance force is increased from 100 N to 300 N. Higher imbalance
requires higher axial prestress of the bearing configuration, which is taken into account. For this study
a magnetic weight compensation of 95% resulting in a remaining weight load of 74 N is assumed. Still,
it must be mentioned that rotor imbalance may change over time, due to creep, wear or setting of joints.

(a) (b) 

Figure 8. Influence of weight compensation (a) and rotor balancing quality (b) on bearing life (based on
the reference case, shown in Table 6.).
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Bearing friction torque is one of the main causes of losses in FESS and is mainly influenced by the
following parameters:

� Size and geometry of the bearing
� Applied loads

� Rotational speed
� Lubrication

In order to calculate the resulting power loss bearing friction torque must be multiplied with the
rotational speed.

The influence of bearing size, cage material and weight compensation factor on torque loss is a
very complex matter and outside the scope of this publication. Detailed studies on the minimization
of FESS bearing losses are available in References [1,32,33]. Still, as lubrication strongly affects FESS
service life, the effects of lubricant viscosity and minimum quantity lubrication are discussed in the
subsequent Section 2.2.7.

2.2.6. Lubrication

Generally speaking, there are three different lubrication principles for high speed rolling element
bearings in FESS:

� Grease � Oil � Solid lubrication

For the considered use-cases are only oil and grease lubrication are relevant, as solid lubrication is
mainly used when ambient pressures below 0.1 to 0.01 μbar are required [34]. Furthermore, oil and
grease have superior service life for application in FESS compared to solid lubrication, and both are
applicable for the considered use-cases. It must be noted that special vacuum grease/oil must be used
in order to avoid outgassing, which has a detrimental effect on vacuum quality and may even lead to
system failure.

Grease lubrication represents the most commonly used lubricating concept because it requires the
least constructive and financial effort to implement, but shows some drawbacks regarding service life
compared to oil lubrication [35]. Usually, fresh grease is stored in cartridges and extracted on demand.
Standard recommended shelf life for grease in closed and sealed cartridges goes up to five years when
stored properly [36]. During operation, service life depends strongly on applied loads and temperature.
Above the permissible continuous maximum temperature for a specific grease, a temperature rise of
15 ◦C cuts grease service life in half [32]. Therefore, thermal management is crucial for FESS. In order to
reach high service life, ongoing maintenance and grease change is required.

Oil lubrication is superior to grease with respect to service life. The used oil can be filtered
continuously, thermally conditioned and may easily be changed on demand. Initial costs and effort to
implement an oil lubrication circuit are significantly higher compared to grease. Due to the operation
under vacuum, the lubrication concept must meet special requirements. Though the functionality of
oil lubrication in FESS has been demonstrated in various research projects [37], these systems are not
available off-the-shelf.

2.2.7. FESS Service Life

Based on the reference system presented in Table 6, Figure 9 summarizes the main influencing
factors and their effect on bearing and lubrication service life.

In this example, grease lubrication and operation at the maximum continuous temperature limit
are assumed. Therefore, every increase of 15 ◦C decreases lubrication service life by 50% until the
maximum permissible operating temperature is reached (not shown in Figure 9). In short, FESS service
life > 25 years is feasible with only minor maintenance effort.
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Figure 9. Major influencing factors (temperature, imbalance force, operational speed, weight compensation)
on bearing and lubrication service life for the reference case listed in Table 6.

3. Use-Case Analysis and Results

In order to dimension any energy storage device accordingly, the predictability of the duty cycle is
absolutely essential. Hence, one of the best predictable use-cases—public transport bus service—was
chosen. To be more precise, the case of fully electrified buses with on-board energy storage (no hybrid-
or trolley-variants) is considered. To specify the requirements for the energy storage onboard the bus,
or possibly inside the charging station as buffer storage for grid load mitigation, the city of Graz in
Austria is used as an example:

According to the public transport company (https://www.holding-graz.at/graz-linien) of Graz in
Austria, 151 buses (currently mainly equipped with diesel engines) drive an average of 25,000 km per
day. In total each bus travels around 0.5–1 million kilometers during its expected lifetime of 10–15 years.
Using a representative urban city bus route (“Route 63” in Graz), the typical energetic requirements for
a 12-m-bus were derived based on experiences gathered by the operator, and are shown in Table 7.

Table 7. Energetic properties of the reference use case for energy storage analyses.

Average Values Used as Reference Based on a Representative Bus Route (“Route 63” in Graz)

Daily Mileage per Bus 150–200 km Typical Round Trip Duration 1 h
Expected Lifetime 10–15 years Average Energy Consumption 1.5 kWh/km *
Typical Round Trip

Distance 12 km Energy Consumption per
Loop 18 kWh

* . . . Value based on operator experience, including energy demand for heating and cooling.

Operating time during a whole day is around 16–18 h, so around 300 kWh storage would be
needed to drive a whole day without any charging stops. For the most part of the day, there are
six buses on the route simultaneously. Therefore, a bus arrives at the ‘end-stop’ every 10 min and
(depending on traffic) a few minutes are left before it has to leave again. This time (0–5 min) could be
used as a ‘charging-window’. Assuming a 2-min charging window at the 10 min end stop (The actual
duration of the end stop may vary depending on traffic; hence, a minimum of 2 min is assumed for
charging.), an average power of 540 kW would be needed to transfer the previously calculated 18 kWh.
Figure 10 shows two electric buses during operation in Graz.
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(a) 

 
(b) 

Figure 10. Fully electric buses operating in Graz, Austria: (a) Bus equipped with supercaps at the
pantograph charging station (Route 50); (b) Bus with Lithium-Ion batteries (Route 34).

On-board Energy Storage:

In principle, three different scenarios for the in-bus (onboard) energy storage have to be considered:

1. ‘large energy storage’—the energy storage capacity is large enough, so that the bus could travel the
whole day without recharging. The bus may be charged in the bus garage overnight, or partially
at the end-stop during the day.

2. ‘medium energy storage’—the bus can travel a few round trips without recharge, but not the
whole day. The bus can be charged at the end-stop only, or partially at the end-stop—slowly
depleting the storage during the day—followed by a full charge overnight in the bus garage.
The rush-hour can be handled without recharging the storage, and thus, the timetable can be
met easily. Compared to scenario 1, this concept offers some advantages regarding weight and
storage costs.

3. ‘small/minimum energy storage’—the capacity is enough for a single loop, and the bus has to be
recharged every time at the end-stop. However, the energy storage size depends on the route
(travel distance, duration), weather conditions (heating/cooling energy need), traffic conditions
(especially congestion), etc. making it nearly impossible to design a universally applicable
cost-effective solution. Today, typically a combustion engine is added to the vehicle for this
scenario leading to a hybrid electric vehicle (HEV) solution.

Due to the limitations of the ‘small/minimum storage’ scenario and the exclusion of hybrid
solutions, for further calculations, only case 1 and 2 are taken into account.

Charging Station Energy Storage:

In terms of the integration of renewables into the grid, two aspects are important:

• The bus-recharge should be performed during the day, due to solar power availability.
(Even though a bus route in Austria was selected and Austria has a lot of hydro power, the general
use-case is relevant to any country, and since the global solar power potential is higher than the
present world energy consumption [38], the solar peak should be considered)

• A uniform grid load should be pursued to avoid thermal overload, instabilities, voltage drop, etc.

This can be achieved by utilizing an energy storage device located directly at the charging station,
as it was proposed and tested in References [11,16,39] and depicted in Figure 11.
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Figure 11. Electric vehicle charging station concept with built in buffer storage. (Photos with kind
permission by SECAR Technologie GmbH and PUNCH Flybrid).

Given the previous example of 2-min-long 540 kW charge pulses every 10 min, an energy storage
enhanced charging station with 90% efficiency would smooth out the power drawn from the grid
to a continuous value of around 130 kW. This would lower the demand on the grid by avoiding
possible (thermal) overloads of the powerlines and keeping voltage and frequency within the required
specifications. During an entire day, around 100 charging processes are performed accumulating
to about 35,000 cycles per year. An additional advantage of storage enhanced charging station is
the reduced grid power compared to overnight charge: A single bus needs about 300 kWh per day.
Therefore, charging all six buses in about 5 h overnight needs about 360 kW—around three times more
compared to the previously calculated 130 kW.

The high demands regarding power, cycle life and energy content of energy storage for professional
use in public transportation require careful evaluation of the underlying aging processes, as discussed
in Section 2. For the considered on-board use-cases (‘medium’ and ‘large’ energy storage) supercaps
and flywheels were ruled out for the following reasons:

(a) The high required energy makes supercaps too heavy and expensive.
(b) FESS have major drawbacks regarding self-discharge behavior, as well as cost and weight, which

represent the main requirements for transportation applications.

3.1. On-Board ‘Large’ Energy Storage

For the given the example, a 300 kWh energy storage device is needed to allow operation for
an entire day. To keep the weight within limits energy storage with high specific energy should be
used, e.g., an NCA or NMC Li-Ion battery. Since the battery deteriorates during usage, and 300 kWh is
needed at EOL, the BOL capacity must be accordingly higher. Using a capacity deterioration of 33% to
define the EOL state, the BOL capacity must be increased to 450 kWh.

With respect to lifetime analysis, cycle life will be dealt with at first. If the battery is charged
overnight, it is cycled only once a day, resulting in a high DOD each day. Over the duration of 10
to 15 years, this leads to about 3000–5000 cycles, or an energy throughput of 1–1.6 GWh. Normally,
high energy cells are not capable of sustaining that many cycles. Typically, they are able to deliver
only 500–1000 cycles (100% DOD), which for the 450 kWh battery would give an energy throughput
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of about 0.23–0.45 GWh until EOL. Therefore, they would have to be exchanged one or more times
over the lifetime of the bus. However, if the operating regime is changed to intermediate charging at
the end station, the DOD is significantly lowered. In the given use-case the energy transferred for a
single cycle is 18 kWh. Compared to the battery capacity of 450 kWh this corresponds to a DOD of
only 4%. As previously shown, the possible energy throughput during a battery’s lifetime depends
tremendously on the DOD—for some batteries, the manufacturers claim an inverse proportional
behavior on DOD [10,14]. That means, for a DOD of 4% an increase of cycle life by a factor of 25
would be achievable, resulting in a possible energy throughput of 6–11 GWh, far exceeding the needed
1–1.6 GWh previously shown. So, even if the actual battery does not scale as well, a (cycle) lifetime of
10 to 15 years should still be feasible.

Of course, another possibility is to use cells with higher cycle life to enable the possibility of
overnight charge. Those could either be a different battery technology (e.g., LTO or LFP), or they could
still be of NCA or NMC type (but optimized for longer life). In both cases, the disadvantage would be
a higher battery weight, due to lower specific energy of the cells.

Taking into account the calendar life as well, a significant additional decrease in capacity would
occur during those 10–15 years. Hence, most likely, the battery would still need to be replaced after
about 5–10 years. Still, to reach such high lifetime in this heavy-duty application thermal conditioning
to low operating temperatures (around 20 ◦C) is mandatory. Table 8 summarizes the above elaborations.

Table 8. Comparison of charging regimes for the use-case of ‘large’ on-board energy storage.

Use-Case: On-Board ‘Large’ Storage

Battery (NCA or NMC—Cell):
Intermediate Charging

Battery (NCA or NMC—Cell):
Only Overnight Charging

Calendar Life a 20–25 years 20–25 years

Cycle life 12,500–25,000
4% DOD-cycles

500–1000
100% DOD-cycles

Service Life b 10–15 years 3.5–4.5 years
Required Capacity (BOL) 450 kWh 450 kWh

Charge 540 kW 75 kW
a how long the storage is expected to last in terms of calendar years. Excludes influence of charge/discharge. b how long the
storage is expected to last in the real application, including influences of charge/discharge and device temperature based on
an EOL capacity fade of 33%.

3.2. On-Board ‘Medium’ Energy Storage

Using energy storage with less capacity can save cost and weight. For the example considered,
a BOL capacity of 90 kWh (80% reduction in respect to the previous example) is assumed. Given the
recharge power of 540 kW, this corresponds in a charging C-rate of 6, too high for a ‘high energy’
optimized battery. Moreover, since the energy storage has less capacity than in the above example, the
cell must have a much higher cycle life, as is the case with LFP and LTO cells. These cells have less
specific energy, reducing the possible weight savings, but still, an improvement by a factor 2–3 would
be possible compared to the ‘large’ energy storage case.

Using an AMP20m1HD-A cell as an example (LFP cell from A123 [9]), the cell loses 10% capacity
after 2700 cycles (100% DOD, 23 ◦C, 5 C charge- and 1 C discharge-rate). Since the DOD of the
considered use-case is only 20% (18 kWh/90 kWh), it can be assumed that after an energy throughput
of 1–1.6 GWh (cycling during 10–15 years) the cell has lost about 10–15% capacity. Due to the calendar
aging additionally about 15–25% capacity is lost after 10–15 years (at 23 ◦C), resulting in about 25–40%
overall capacity loss. Still, even the 40% loss after 15 years (with ~54 kWh remaining) would enable the
bus to drive 3 whole rounds. Table 9 summarized the key findings explained in the paragraph above.
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Table 9. Summary for the use-case ‘medium’ on-board energy storage.

Use-Case: On-Board ‘Medium’ Storage

Battery (LFP Cell)

Calendar Life a 10–15 years
Cycle life 8000–10,000 cycles

Service Life b 10–15 years
Required Capacity (BOL) 90 kWh

Charge 540 kW
a how long the storage is expected to last in terms of calendar years. Excludes influence of charge/discharge.
b how long the storage is expected to last in the real application, including influences of charge/discharge and
device temperature based on an EOL capacity fade of 33%.

3.3. End-Stop Charge Station Energy Storage

In contrast to the on-board energy storage, which is charged once a day or every hour at the
bus-stop, the charge station’s energy storage is cycled every 10 min, resulting in about 35,000 cycles
per year. Assuming a charge transfer efficiency of 90%, during the charge duration of 8 min 127 kW are
drawn from the power grid, charging about 15 kWh into the energy storage. Afterwards, the energy
storage is discharged within 2 min with a power of 413 kW. With the additionally 127 kW still drawn
from the grid, the bus is charged with the desired 540 kW, as shown in Figure 12.

Using a chemical battery as buffer stationary storage in this scenario, a technology with very
high cyclability (e.g., LTO) is necessary. For example, a 100 kWh battery built with Altairnano’s LTO
technology [10,40] would have 25 years calendar life or sustain about half a million cycles at 15%
DOD (both values at 25 ◦C). In combination, this would give about 10–15 years of service life. Using
supercaps could increase this interval to about 15–25 years [8]. However, like for the on-board energy
storage scenarios, the thermal conditioning to 20–25 ◦C (max.) is absolutely necessary to achieve those
long lifetimes for electrochemical energy storage.

Alternatively, using a FESS could tremendously extend the achievable service life, well beyond
25 years. Of course, there are some components, which may need to be replaced during the systems life
span, like grease and oil in the case of mechanical bearings, the necessary maintenance of the vacuum
pump or the exchange of electronic components. However, the main parts (flywheel mass, housing,
electric motor), which also represent the main cost factors of the energy storage system are characterized
by excellent longevity and do not need to be replaced. An additional advantage of FESS compared
to electrochemical energy storage systems is the insensitivity to temperature—especially regarding
lifetime—enabling the usage of simple water cooling circuits instead of costly chilling systems.

 

Figure 12. Grid load and charging power level of the load cycle for the “end-stop charge station
use-case” shown for two consecutive charging cycles.
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4. Summary

Within this study, energy storage for sustainable transport applications was investigated with
respect to service life. The theoretical background of different energy storage systems, as well as different
use-cases were described in detail. For exemplary energy storage comparison and benchmarking, the
use-case of a fully electric transit bus operating in urban public transportation was selected, whereas
onboard energy storage and buffer energy storage inside the fast-charging station were considered.
From a great variety of options, three established and feasible energy storage systems were chosen for
a more detailed analysis. For energy storage inside the fast-charging station, it was shown that high
demand on cycle life and other requirements, such as short storage time, high power and long targeted
service life clearly favor flywheel energy storage systems (FESS) over supercapcitors or batteries.
However, fewer load cycles and long-time storage onboard the transit bus calls out for state of the
art Li-Ion batteries rather than supercaps or FESS. Hence, which energy storage technology is most
suitable strongly depends on the envisioned use-case and consequently the actual duty cycle.

A representative FESS module (5 kWh, 100 kW peak) was analyzed for the proposed use-cases and
measures to improve/maximize service life was suggested. For the same use-case, a comparable battery
system was analyzed, showing that battery size, and therefore, DOD (depth of discharge) is crucial for
battery life. Beyond that, the battery solution requires accurate thermal conditioning and monitoring
as calendar and cycle life are strongly affected when operated outside a narrow temperature band.

In this context, the great potential of FESS was shown. It is to be expected that in future some of
the major advantages of FESS will be exploited, e.g., nearly unlimited cycle and calendar life, easy
state of charge determination, independence from limited resources, etc. FESS-specific drawbacks,
such as self-discharge, weight and cost may be detrimental to mobile (onboard) applications, but can
be mitigated or neglected in some stationary applications, such as EV charging stations. Hence, FESS
represent a valuable contribution to the energy revolution by increasing grid stability and facilitating
the integration of renewables into the grid.
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Video S1: passive magnetic weight compensation demonstrator, Video S2: Basic principle of flywheel energy storage.

Author Contributions: Conceptualization, P.H., A.B. and H.W.; Writing—Original Draft Preparation P.H.;
Methodology, P.H., H.W. and B.S.; Software, Validation, Formal Analysis and Investigation, P.H. and B.S.;
Data Curation, M.B.; Visualization, P.H., M.B. and A.B.; Project Administration, A.B.; Supervision, Funding
Acquisition and Resources, H.W.

Funding: This research was conducted within the Project FlyGrid, funded by the Austrian Research Promotion
Agency (FFG) within the Electric Mobility Flagship Projects, 9th call, grant number 865447. Open Access Funding
by Graz University of Technology.

Acknowledgments: The authors would like to thank Myonic GmbH for their support regarding the service life
of rolling element bearings and their lubrication, as well as Holding Graz for their input regarding urban bus
fleet operation.

Conflicts of Interest: The authors declare no conflict of interest.

Abbreviations

AMB Active Magnetic Bearing
BOL Begin of Life
CFRP Carbon Fiber Reinforced Plastic
DLC Double Layer Capacitor
DOD Depth of Discharge
EOC End of Charge
EOL End of Life
EV Electric Vehicle
ESS Energy Storage System
FESS Flywheel Energy Storage System
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GVB Graz Public Transport Services
HEV Hybrid Electric Vehicle
IT Information Technology
Li-Ion Lithium Ion
LCO Lithium Cobalt Oxide
LFP Lithium Iron Phosphate
LMO Lithium Manganese Oxide
LTO Lithium Titanate
NCA Lithium Nickel Cobalt Aluminum Oxide
NMC Lithium Nickel Manganese Cobalt Oxide
REB Rolling Element Bearing
SMES Superconducting Magnetic Energy Storage
SOC State of Charge
SOH State of Health
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