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Abstract

The urgent need to reduce greenhouse gas emissions in order to comply with the
Paris Agreement has sparked an increased interest in electrification as a strategy to
mitigate climate change. Li-ion batteries play a crucial role in electrification, and
have emerged as the primary option for battery electric vehicles. However, their
lifetime performance is a critical factor in determining their cost and environmen-
tal sustainability. Although fast charging presents a viable option for customers
wishing to maximize operational time, charging at high currents accelerate aging
through degradation of the electrode material and the electrolyte.

Recent studies have found that pulse charging protocols can extend the cycle life
of Li-ion batteries. In light of this, this study has been conducted to investigate
the effects of pulse charging on the capacity retention and internal resistance of
Li-ion batteries. Prismatic NMC Li-ion battery cells were cycled using the Pos-
itive Pulsed Current-Constant Voltage (PPC-CV) charging mode, and their per-
formance has been compared to that of conventional Constant Current-Constant
Voltage (CC-CV) charging. A novel method was developed and implemented to
execute a pulse charging profile within a defined State-of-Charge (SoC) window.
The test objects were continuously cycled over intervals of 4 weeks with interrup-
tions for standardized Reference Performance Tests (RPTs) to calculate the stan-
dard capacity and internal resistance. In addition, Incremental Capacity Analysis
(ICA) and Electrochemical Impedance Spectroscopy (EIS) were performed to ex-
tend the analysis.

According to results, cells cycled using the PPC-CV mode show similar or slightly
reduced capacity fade and a lower increase in internal resistance after roughly
700 equivalent cycles. The 0.01-Hz PPC-CV mode exhibited a capacity fade of
3.65%, the 1-Hz PPC-CV mode 3.75%, the 100-Hz PPC-CV mode 4.06% and
the CC-CV mode 4.05%. Internal resistances remained lower than the beginning
of life measurements in the PPC-CV test cases, while the CC-CV mode shows
a quicker increase in internal resistance. However, the battery State-of-Health
(SoH) had only reached 95% during this testing phase, requiring further study
to draw definitive conclusions regarding the impact of pulse charging on battery
life performance. To further understand the impact of pulsed charging modes on
Li-ion battery life performance, the text matrix may be extended to incorporate
a broader range of test conditions, such as temperature, current amplitude, duty
cycle and State-of-Charge (SoC) window.

Keywords: Li-ion battery, Pulse charging, Cyclic aging, Capacity fade, Internal
resistance, Battery impedance
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Sammanfattning

Det överhängande behovet av att minska utsläppen av växthusgaser för att uppfyl-
la Parisavtalet har väckt ett ökat intresse för elektrifiering som en strategi för att
mildra klimatförändringarna. Litiumjonbatterier spelar en central roll vid elektri-
fiering och har framträtt som det primära alternativet för batteridrivna elfordon.
Batteriernas livstidsprestanda är dock en avgörande faktor för att bestämma de-
ras kostnad och miljömässiga hållbarhet. Även om snabbladdning är ett gångbart
alternativ för de kunder som vill maximera drifttiden så leder laddning vid höga
strömmar till förhöjd åldring genom nedbrytning av elektrodmaterialet och elekt-
rolyten.

Nyligen genomförda studier har visat att pulsade laddningscyckler kan förlänga
livslängden för litiumjonbatterier. Mot bakgrund av detta har denna studie genom-
förts för att undersöka effekterna av pulsad laddning på bibehållande av kapacitet
samt inre motstånd hos litiumjonbatterier. Cylindriska NMC-celler har cyklats
med laddningsprofilen PPC-CV (Positive Pulsed Current-Constant Voltage) och
deras prestanda har jämförts med motsvarande hos konventionell konstant ström-
konstant spänning-laddning (CC-CV). En ny metod utvecklades och implemen-
terades för att utföra en pulsad laddningsprofil inom ett definierat SoC-fönster
(State-of-Charge). Testobjekten cyklades kontinuerligt under intervaller om 4 vec-
kor med avbrott för standardiserade referensprestandatester (RPT) för att beräkna
standardkapaciteten och det interna motståndet. Därutöver utfördes inkrementell
kapacitetsanalys (ICA) och elektrokemisk impedansspektroskopi (EIS) för att ut-
öka analysen.

Enligt resultat visar de celler som cyklats med PPC-CV-profilen liknande eller nå-
got minskad kapacitetsminskning samt en lägre ökning av internt motstånd efter
ungefär 700 ekvivalenta cykler. 0,01-Hz PPC-CV-profilen uppvisade en kapaci-
tetsminskning på 3,65%, 1-Hz PPC-CV-profilen en på 3,75%, 100-Hz PPC-CV-
profilen en på 4,06% och CC-CV-profilen en på 4,05%. De interna resistanserna
förblev lägre än BOL-mätningarna i PPC-CV-testfallen, medan CC-CV-läget vi-
sar en snabbare ökning av internt motstånd. Batteriets hälsotillstånd (SoH) hade
dock bara nått 95% under denna testfas, vilket innebär att ytterligare studier krävs
för att dra definitiva slutsatser om pulsladdningens effekt på batteriets livslängd.
För att ytterligare förstå effekten av pulsade laddningsprofiler på livslängden hos
litiumjonbatterier kan textmatrisen utökas till ett bredare spektrum av testförhål-
landen, såsom temperatur, strömamplitud, arbetscykel och SoC-fönster.

Nyckelord: Litiumjonbatteri, Pulsad laddning, Cyklisk åldring, Kapacitetsminsk-
ning, Inre resistans, Batteriimpedans
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1 Introduction
Electrification of transportation vehicles has progressed in recent years and is now gain-
ing great significance due to the critical need to reduce CO2 emissions in the transport
sector [1]. In 2015, the Paris Agreement was established with the goal to reduce green-
house gas emissions and limit the increase in global temperature to well below 2◦C,
underlining the need for a worldwide transition of our industries and operations [2]. A
pivotal element of this shift will be the gradual replacement of vehicles operating on
internal combustion engines with battery electric vehicles (BEVs). The demand for EVs
is currently on the rise. In the past decade, annual EV sales increased from just 120 000
to 6,6 million. Provided that policy support through incentives and subsidies remains
strong, the market is expected to continue to grow [3].

Although the market for electrified vans and passenger vehicles has matured and is
supported by an increasingly broad network of charging infrastructure, a number of
challenges arise when electrifying heavy-duty vehicles such as long-haul trucks and buses.
To begin with, the limited range and the long recharging times has been an obstacle for
customers wanting to invest in heavy-duty BEVs, requiring strategic route planning [4].
Heavy-duty vehicles require larger battery packs with more cells, generating more heat
that needs to be dissipated. Therefore, the battery management system (BMS) and
thermal management system is typically more complex, and more focus is put into the
durability of the surrounding packaging [5]. Another barrier is concerning the supporting
infrastrucuture. Heavy-duty BEVs could in theory use the same charging infrastructure
as passenger vehicles and vans. However, the the high-capacity battery packs and low
power outputs from the chargers could prolong the charging time [4]. While fast charging
poses as an option to maximize operational time, it comes at the expense of battery
lifetime. As the commercialization of BEVs accelerates, one of the major concerns will
be to ensure battery warranties while increasing the charging rates [6].

Substantial efforts have been made to improve EV battery technology. Figure 1 illus-
trates a comparison of the performance of different battery technologies in terms of
specific energy and specific power. The primary battery types used in the global EV
sector are NiMH batteries and Li-ion batteries. NiMH batteries are prevalent in hybrid
electric vehicles (HEV) due to their environmental friendliness and their high charge
and discharge rates, achieving high gravimetric power densities. However, they are less
frequently employed in BEVs as they have a low voltage platform and are not suitable
for parallel connections. Li-ion batteries, on the other hand, hold several advantages
regarding power, energy density, lifetime and self-discharge rate, and have thus emerged
as the dominating option for BEVs [7]. Despite progress in recent years, the high cost of
Li-ion batteries remain a challenge to wider adoption of BEVs in the long term. Li-ion
battery manufacturing is dependent on the supply and demand of critical raw materials
such as lithium, cobalt and nickel. In May of 2022, lithium prices were reported to be
seven times higher compared to the beginning of 2021 [3]. Aside from investigating the
cost-efficiency of the manufacturing process, the use of alternative materials and battery
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1.1 Objectives and limitations

recycling processes, one approach to reduce the levelized costs would be to explore ways
to extend battery lifetime [8]. As a result, there has been increasing research and focus
on optimizing the operation of the battery packs through better control of operating
parameters [9].

Figure 1: Ragone plot comparing the speci�c energy (W h kg� 1) and speci�c power
(W kg� 1) for di�erent battery technologies, based on speci�cations on cell-level [10].

Low-cost BEV chargers often face limitations in the charging process, resulting in is-
sues such as overdriven chemical reactions, concentration polarization, dendrite growth,
and lithium plating. To address these challenges, there has been research targeted on
optimizing the charging process for better current control and faster charging rate [11].
Among the alternative approaches gaining traction is pulse charging, which has recently
sparked interest in the context of Li-ion batteries. Pulse charging uses intermittent
pulses of current instead of a constant current. Recently published studies have sug-
gested that the lifetime of a battery might be further improved by employing a pulsed
charging strategy. Moreover, the �ndings indicate the existence of certain frequency
optima where the life length is prolonged to a higher extent [6]. If the improvements
in cycle life are proven to be signi�cant, pulsed charging modes may be bene�cial for
charging of heavy-duty vehicles, since that would save long-term operational costs. In
addition, the batteries could be charged at a higher rate without compromising life per-
formance. As a result, the time needed for charging could be reduced and the number
of operational hours could be maximized.

1.1 Objectives and limitations

The aim of this thesis project is to investigate the impact of pulsed charging modes with
di�erent pulse frequencies on the lifetime of Li-ion batteries. Although previous research
has yielded miscellaneous results, several papers have reported positive impacts. In light
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1.1 Objectives and limitations

of this, there is interest within Scania to explore whether positive e�ects can be observed
for the generation of batteries being developed for their vehicles. To investigate the life
performance impacts of pulse charging, di�erent performance tests will be used to track
aging parameters and the results will be compared in order to examine the e�ectiveness
of the methods and the informative value they can o�er. Objectives and limitations for
this study are presented in the following subsections.

1.1.1 Objectives

This thesis project aims to ful�l the following objectives:

ˆ Conduct a literature study in order to summarize the latest available knowledge
regarding pulse charging for enhanced battery life performance.

ˆ Plan and execute a test matrix in Scania's state of the art battery test laboratory
(Energy Storage Test Centre) with the latest generation of battery cells from one
of Scania's development projects.

ˆ Write a thesis report, including 1) the literature study, 2) a presentation of the
test results, 3) a comparison with results from literature and a comparison with
already existing results from the development project, and 4) a conclusion and
recommendations regarding future product implementation.

1.1.2 Delimitations

Within the scope of this thesis project, the following limitations have been applied:

ˆ All tests are performed on new commercial NMC-based Li-ion battery cells with
the speci�cations listed in Table 1 in Section 3.1.

ˆ The lifetime study will be performed using the PPC-CV mode exclusively. Other
pulsed charging modes such as PCCC, PM, NPC and APC will not be investigated.

ˆ All tests are performed with the same temperature and State-of-Charge (SoC)
window of 25� C and 7-82%, respectively. Thus, the added e�ect of temperature
and SoC on the lifetime performance will not be investigated.

10



2 Theoretical Background

Following chapters will entail a brief overview of Li-ion batteries and their operation,
the conventional CC-CV charging mode as well as pulse charging modes, theoretical
background on electrochemical concepts, and experimental techniques that were applied
in this study.

2.1 Li-ion Batteries

Li-ion batteries are electrochemical cells consisting of a semi-permeable separator, cur-
rent collectors, electrodes and an electrolyte. The role of the separator, commonly made
of microporous polyethylene or polypropylene, is to prevent direct contact between the
two electrodes, while the electrolyte, typically a Li salt in an organic solvent, acts as an
ionic conductor. It is critical that the electrolyte remains inert to the electrodes and the
separator. Current collectors work by conducting current generated at the electrodes
towards the battery terminals. The anode side normally uses a Cu current collector,
while the cathode side uses an Al current collector. Li-ion batteries contain two elec-
trodes: the cathode and the anode. Cathodes usually comprise a lithium metal oxide
of the form LiXXO 2, where X is a combination of transition metals. Common cathode
materials are LiCoO2 (LCO), LiFePO4 (LFP) and LiNi xMnyCozO2 (NMC). The most
widely used anode material for batteries with conventional insertion-type electrodes is
graphite (C6), which is largely due to its excellent intercalation properties. Other car-
bonaceous materials such as coke may be used as well [12] [13]. A basic illustration of a
Li-ion battery cell with its components can be seen in Figure 2.

Figure 2: Illustration of the interior structure of a Li-ion battery cell from [14].

Generally, the mechanism of Li-ion battery operation can be explained by introducing
the rocking-chair analogy, describing how Li+ ions shuttle back and forth between two
insertion-type electrodes with di�erent potentials. As a current is applied, Li+ ions move
from the cathode towards the anode. At the anode, the Li+ ions are reduced and insert
into vacancies inside the electrode material. This mechanism is called insertion, and is
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2.2 Convential Li-ion Battery Charging Modes

a reversible process that maintains the material structure of the electrodes without any
signi�cant changes. During discharge, the direction is switched and the ions migrate
towards the cathode [15] [16]. Other categories of Li-ion battery electrodes that do not
involve insertion processes are conversion and alloying types. Conversion-type anodes
consist of transition metal compounds, which are broken up upon discharge as the metal
is reduced and the non-metallic nanoparticles bind to the cathode material. The reac-
tion is a reversible redox reaction. Alloying types involve alloying/de-alloying reactions
between lithium and the anode material, typically comprising Si and Sn derivatives [17].

The operating mechanisms of Li-ion batteries are governed by di�usion, which is linked
to concentration and potential gradients, and convection, which is usually linked to
temperature and/or density gradients [16]. Li-ion batteries degrade with time due to
electrochemical, thermal and mechanical process, which in turn are dependent on the
operational conditions employed during cycling [18]. In particular, low current rates and
operating temperatures in the range of 15-35� C are preferred [19]. Considerable losses
in cyclable capacity may be observed if the battery is kept or operated at temperatures
above 50� C [20]. High current rates have been correlated to high cell temperatures
during cycling [21]. Battery degradation is mainly caused by two mechanisms: SEI
(Solid Electrolyte Interface) layer formation, which occurs due to side reaction between
Li+ ions and the electrolyte, and Li plating, which results from a reaction between Li+

ions and electrons. These processes gradually cause irreversible capacity fade due to the
loss of cyclable lithium. SEI layer growth is triggered by high temperature charging and
Li plating is accelerated by charging at low temperatures [18] [22].

2.2 Convential Li-ion Battery Charging Modes

Currently, the most common charging mode is the Constant Current-Constant Voltage
(CC-CV) mode (see Figure 3). During CC-CV charging, the battery is initially charged
galvanostatically (constant current) until the upper potential limit is reached, which is
around 4.1 or 4.2 V for Li-ion batteries. Standard charging is typically performed using
a C/3 current rate, where C corresponds to the rated capacity of the battery. Once
the cut-o� voltage is reached, the process is switched to potentiostatic mode (constant
voltage) and the charging continues until a low, pre-de�ned value of the current is ob-
tained [23]. The cut-o� current is typically set to around 3% of the current density in
the galvanostatic stage [24]. The galvanostatic step charges around 88% of the capacity
while the potentiostatic step is responsible for the remaining 12%, as observed in Fig-
ure 3. The CV step can be time intensive and signi�cantly prolongs the charging time of
the batteries [25]. In the CC step, the number of electrons and the number of ions that
are inserted into the graphite per unit of time is constant, given that the current density
is kept constant. In the CV step, however, the voltage is simply kept at a su�cient level
for the ions to intercalate, rather than governing the amount of ions per time. Due to
the prolongation in charging time, charging stations have recommended customers to
only keep the current constant while charging their batteries [6].
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2.3 Pulse Charging

Figure 3: Charging characteristics of the conventional CC-CV mode using a current
density of 3 mV s� 1 in the galvanostatic step from [25]. Sub�gure a) shows the current
density against time, b) the cell voltage against time and c) the charged capacity against
time. Once the upper limit potential of 4.2 V is reached at timetT , the galvanostatic
step is replaced by a potentiostatic step where the current decreases with time. The
charging process is stopped once a pre-set lower limit current is reached [25].

Despite the long charging times, the CC-CV mode is typically preferred over high-
current CC mode. Galvanostatic operation at high current rates leads to high di�usion-
induced stress, and the stress increases with time until a steady-state is formed. During
potentiostatic operation, however, the stress decreases with time. Thus, by employing a
combined CC-CV charging strategy, overvoltage is avoided and stresses are reduced [24].

Overall, the rate limiting step while charging is Li+ di�usion, which gives rise to concen-
tration polarization. This can manifest in the cut-o� voltage being reached quickly or
the lower current limit being reached before all the active material has been utilized [23].
At worst, di�usion-related issues could impede the intercalation process to the point of
dendrite formation, thereby increasing the risk of thermal runaway [26]. In principle, re-
ducing concentration polarization could improve both the charging rate and the battery
lifetime.

2.3 Pulse Charging

Pulse charging is a an alternative charging mode where charge currents are applied in the
form of controlled pulses. The operation of the charger during such a charging scheme
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2.3 Pulse Charging

can be described by the circuit illustrated in Figure 4, where a switch is used to control
the charge current [26].

Figure 4: Micromodel of a pulse charger redrawn from [26].

Pulse charging has recently gained interest and has been proposed as a method to de-
crease the charging time and prolong the battery lifetime. If successful, pulsed charging
modes could be applied for fast charging applications, as higher currents may be used
without compromising the battery cycle life. Thereby, a lower charging time could be
achieved. In their 2001 study, Li et al. reported that pulse charging can help decrease
concentration polarization and increase the power transfer rate. This enhances material
utilization, thereby increasing the discharge capacity and the cycle life [23]. Similar
conclusions have been drawn by Purushotaman et al., Amanor-Boadu et al. and Lin
and Yen [25] [26] [27]. It has been proposed that the enhancing e�ect on battery lifetime
is due to the relaxation periods, which can ultimately reduce the internal resistance
(IR) that is known to increase as high constant currents are kept, speeding up degra-
dation [23]. Charging at high currents for longer periods can cause uneven current
distribution due to the concentration polarization. As the battery cells are unequally
charged, this results in variable SoC among the cells. Uneven SoC distribution on cell-
level accelerates battery aging. In principle, pulse charging is suggested to minimize this
problem and thereby reduce the strain on the battery [6].

It has been suggested by Amanor-Boadu et al. that intercalation is more complete
in pulsed charging protocols, as there is more time for the Li+ ions to insert in the
electrodes, thereby preventing dendrite formation [26]. Moreover, Lv et al. found that
the current density of the side reactions decrease upon the introduction of relaxation
periods in the charging pro�le, improving the capacity retention rate [28]. Pulse charging
has previously been applied for electrodeposition to synthesize thin �lms, as it has been
found to hold advantages over classical direct current (DC) electrodeposition. A common
problem with DC electrodeposition is that it tends to form inhomogeneous surfaces due
to formation of dendrite-like structures. Using pulse electrodeposition, the thin layer
develops a more uniform surface as there is more time for Li+ ion di�usion and crystal
formation [22] [29].

There has been extensive research on pulse charging for lead/acid batteries in the past,
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2.3 Pulse Charging

where it has proven to be successful in suppressing parasitic reactions that a�ect battery
lifetime [30] [31]. However, the topic still lacks consensus concerning Li-ion batteries and
several authors have reported contrarian �ndings in terms of cycle life and performance.
In their 2020 study, Kannan and Weatherspoon found that pulse charging may accelerate
capacity fade [32]. Keil and Jossen found no impacts on cycle life when comparing
pulsed and CC charging modes with the same average current [33]. Moreover, Savoye et
al. even concluded that pulsed charging schemes can be detrimental to Li-ion battery
performance [16]. The variation in results could possibly be ascribed to the di�erence
in battery chemistries and evaluation criteria, as well as the diversity of pulsed charging
protocols.

Generally, pulsed charging modes can be divided into two categories: positive pulsed
charging and negative pulsed charging, depending on whether or not discharging pulses
are applied. Di�erent charging techniques within these categories are separated based
on di�erent control strategies used [6].

2.3.1 Positive Pulsed Charging

Positive pulsed charging is typically performed with varying frequency, duty cycle and/or
amplitude. This section will present various di�erent positive pulse pro�les that have
been applied in research.

2.3.1.1 PPC Mode

In the Positive Pulsed Current (PPC) mode, the amplitudeI pk of the current pulse is
kept constant and the amplitude returns to zero during the relaxation time, as seen in
Figure 5. The pulse and the relaxation period are applied during intervalstp (pulse
width) and t r (rest width), respectively. Adding both time contributions, the positive
pulse period T can be expressed through Equation 1. The frequency of the pulse can
thus be de�ned according to Equation 2.

T = tp + t r (1)

f =
1
T

(2)

Another property of the pulse mode is the duty cycle, which is the fraction of the pulse
width and the pulse period as given by Equation 3 [6].

Dp =
tp

T
(3)

If the duty cycle is �xed, the peak current I pk can be tuned to keep the average current
I avg constant using Equation 4 [26].
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2.3 Pulse Charging

Figure 5: Illustration of the PPC mode. Annotations Ipk, Iavg, tp and tr denote the
peak current amplitude, average current, pulse width and rest width, respectively.

I avg = I pk � D (4)

It has been shown that current pulses in the seconds range are su�cient to e�ectively
reduce concentration polarization. Purushothaman et al. used a 75% duty cycle with a
charge pulse widthtp of 3 s and a rest pulse widtht r of 1 s, while successfully minimizing
both concentration polarization and charging time [25].

2.3.1.2 PPC-CV Mode

PPC-CV mode is a charging method where PPC and CV are combined in a similar
manner as in the conventional CC-CV mode, e�ectively avoiding overcharging. In the
PPC stage, the amplitude of the pulse is kept constant along with the pulse period and
duty cycle [6].

2.3.1.3 Additional Charging Modes

Apart from the PPC and PPC-CV modes, there are other pulse pro�les that have been
studied as well. For example, the Pulsed Current-Constant Current (PCCC) mode is
a di�erent case where the current amplitude is replaced with a non-zero value during
the relaxation period. The amplitude of the constant current is lower than that of the
pulsed current [6]. Zhao et al. have found that the modi�ed PCCC charging mode
can increase the charging rate while simultaneously reducing the stress and capacity
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loss that was observed for PPC charging [34]. Another case is presented by the Pulse
Modulation (PM) mode, where either the amplitudeI pk or the duration t of the pulse
is varied throughout each cycle [6]. Altering the pulse width or amplitude in this way
has been proposed as a strategy to optimize the pulse charging process. According to
Purushotaman et al., such a pro�le allows su�cient build-up of the lithium concentration
at the electrode surface at an early stage without exceeding the saturation concentration.
As the mass transfer coe�cient declines with time, it is desirable to apply the pulse in
such a way that either the relaxation time or the current density are decreased as the
intercalant concentration increases [25].

2.3.2 Negative Pulsed Charging

Negative pulsed charging is a di�erent strategy where discharge pulses are applied addi-
tionally to the charge pulses. One example is the Negative Pulsed Current (NPC) mode,
which is similar to the PPC mode where the amplitudeI p of the positive current pulse
is kept constant, albeit it includes a short discharge pulse between the charge pulse and
the relaxation period. The amplitudeI n of the discharge pulse is also kept constant.
Another method is the Alternating Pulsed Current (APC) mode, where the current
alternates between positive and negative pulses instead of utilizing a zero-amplitude
relaxation period. These methods have proved to be favourable for battery heating in
low-temperature climates without compromising battery lifetime [6] [35].

2.3.3 E�ect of Pulse Frequency on Battery Lifetime

It has been found that the frequency of the applied pulse has an in�uence on the battery
life performance. Huang et al found a correlation between the percentage of lifetime
extension and the pulse frequency, where the greatest e�ect is obtained at lower fre-
quencies and at higher frequencies. The battery lifetime was extended by 72.8% using a
0:05 Hzfrequency and by 105.5% using a2 kHz frequency [6]. Similarly, Amanor-Boadu
et al. [26] and Lv et al. [28] found possitive e�ects on battery cycle life using frequencies
in the 10 kHz range and in the 0.01-0.1 Hz range, respectively.

According to previous research, the optimal pulse frequency for battery lifetime perfor-
mance, which may be denoted byf Zmin , returns the minimum battery impedance. By
minimizing the impedance, losses from conversion of electrical to chemical energy can
be limited and the maximum energy transfer e�ciency is obtained [6] [36].

2.4 Electrochemical Theory

The electrochemical theory that is required to comprehend the experimental techniques
and computations that have been applied will be covered in the chapters that follow.
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2.4.1 Battery Cycling

Battery performance is commonly evaluated by cycling, which involves repetitively
charging and discharging the batteries. As per convention, a complete cycle encompasses
a full charge and discharge process spanning from 0 to 100% SoC (State-of-Charge). The
cycle life refers to the number of cycles a battery can undergo before reaching its EOL
(End of Life). Determining the cycle life typically involves subjecting the battery to con-
tinuous cycling in a life cycle test, occasionally pausing for standardized performance
assessments [13]. However, it is common for batteries to be tested only until they reach
their end of warranty EOW, which is typically when their capacity declines to 80% of
their original capacity [6]. The following sub-chapters will cover important de�nitions
and methods related to battery cycling.

2.4.1.1 Current Rating and Battery Capacity

The charging/discharging current is typically referred to in terms of C-rate, which is
de�ned as the current rate that is needed to charge/discharge the rated capacity of
the battery during a speci�ed amount of time. The current rate a�ects the amount
of energy that can be delivered by the cells [37]. This relation can be expressed by
Equation 5, where I is the charging/discharging current, M is the multiple or fraction of
C, n denotes the time in hours in which the rated capacity is reached and C represents
the rated capacity of the battery [13]. For example, a 1C charging rate should be able
to charge the cell fully from 0-100% SoC in one hour. Likewise, full charge is achieved
in 30 minutes with a 2C charging rate and in 5 hours with a C/5 charging rate.

I = M � Cn (5)

Although battery capacity can be expressed in multiple ways, it is essentially de�ned
as an integral of current over time, as seen in Equation 6. Nominal capacity is the ex-
pected capacity of a new, fully charged cell when measured under standard temperature
and load. Actual capacity is the deliverable capacity from a fully charged state until
discharged to a standard end-of-discharge voltage EODV when the cell is subject to non-
standard conditions, as the test conditions alter the battery capacity. Available capacity
is the fraction of actual capacity that can be delivered when discharging to a certain
non-standard EODV, or from a non-standard end-of-charge voltage (EOCV) [37]. As
the battery is cycled, actual and available capacity are irreversibly lost due to aging
mechanisms. Battery aging can be studied in cycle aging tests, in which the battery
is continuously cycled with periodic stops for standard tests to measure parameters of
interest. In such a test, the capacity fade may be estimated through the expression given
in Equation 7, whereQfade is the capacity fade, N is the number of completed cycles,
CapN is the remaining available capacity after completing N cycles andCapinit is the
capacity measured before starting the cycle aging test [6].
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Q =
� t

0
i dt (6)

Qfade = (1 �
CapN

Capinit:
) � 100% (7)

2.4.1.2 Internal Resistance

Another characteristic property of the battery is its internal resistance, which is a�ected
by the governing mechanisms at the interface between the active material and the elec-
trolyte. It also depends on electrodes, electrolyte conductivity, active mass, connectors
and tabs. The three main mechanisms contributing to the internal resistance are acti-
vation polarization caused by the kinetics of the electrochemical reactions, IR drop as a
result of the current �owing through the electrolyte and other resistive components of
the cell, as well as concentration polarization introduced by the di�usion through the
SEI layer due to concentration gradients in the electrolyte solution. The dominating
regions of these processes are illustrated in Figure 6. Common de�nitions of internal
resistance measurements are discharge resistance, regenerative/charge resistance, ohmic
resistance and polarization resistance [38].

Figure 6: Polarization curve redrawn from [39] showing the regions of activation po-
larization, IR drop and concentration polarization. The y-axis shows the overpotential
and the x-axis shows the current density.

Polarization can be described as an electrochemical process where the cell voltage de-
viates from the equilibrium potential as a current applied. When subjected to a load,
the cell voltageUcell is a�ected by the open circuit voltage (OCV,UOCV ), the overvolt-
ages appearing due to concentration polarization (� dif f ) and charge transfer polarization
(� ch; tr ), as well as the voltage drop from the ohmic resistance (Ri; ohm ) as described by
Equation 8 [38].

19



2.4 Electrochemical Theory

Ucell = UOCV � � dif f � � ch; tr � Ri; ohm (8)

The internal resistanceRi can be estimated through a Hybrid Pulse Power Character-
ization (HPPC) test, where short charge and discharge pulses are applied with a rest
in between each set of pulses. As described by Equation 9,Ri is computed by pick-
ing two points from the charge or discharge curve and applying Ohm's law. Internal
resistance measurements are dependent on the conditions of the HPPC test, such as
charge/discharge, SoC, temperature, current amplitude and pulse duration [38]. There-
fore, the test conditions should always be included when reporting the measurements.

Ri =
U1 � U2

I 2 � I 1
(9)

While HPPC is an e�ective method with the ability to provide accurate estimations of
internal resistance, some challenges arise when it comes to deconvoluting the signals to
identify the individual contributions of resistance [40].

2.4.1.3 Coulomb Counting

Setting up a test that cycles between SoC limits other than the full 0-100% window
requires determination of the voltage values that correspond to the SoC limits. SoC
is de�ned as the ratio of the remaining available capacity and a speci�ed reference
capacity of the battery. Considerable e�orts have been made to �nd e�ective methods
to determine and predict the SoC. A standard method used to determine the available
capacity is the Coulomb counting method, which considers the charge transfer in and out
of the battery over time � 2 [t0; t]. Using this method, the SoC can be estimated through
Equation 10, where I is the current,� is the e�ciency during charge and discharge and
Cb

0 is the nominal capacity of the battery [41].

SoC(t) = SoC(t0) �
� t

t0

� (� )I (� )
Cb

0 d� (10)

2.4.2 Electrochemical Impedance Spectroscopy

Electrochemical Impedance Spectroscopy (EIS) is an experimental method that mea-
sures the current and voltage response of an electrochemical system that is subjected to
an alternating current (AC) or voltage, where the response is presented as a function of
frequency. In galvanostatic EIS, an AC current is applied and the voltage response is
phase-shifted by a phase' with respect to the current input. The response is recorded
over a wide frequency range and is subjected to Fourier transform [42]. EIS can be
used as an alternative to methods such as Intermittent Current Interruption (ICI) and
HPPC to measure the internal resistance of an electrochemical system. Although more
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advanced equipment is required, an advantage with EIS is that it can provide more
detailed information related to the internal resistance [43].

Evaluation of EIS data is typically based on models where electrochemical cells are
represented as circuits with resistance and capacitance elements. When subject to sinu-
soidal excitations, those elements hold a certain impedance Z, which can be described
as a kind of general resistance extended to an AC circuit. Impedance can be expressed
through Equation 11, whereZRe and Z Im represent its real and imaginary parts, andj
represents the imaginary unit

p
� 1 [42] [44].

Z =
E(! )
I (! )

= jZ0jexp(j' ) = jZ0j(cos' + jsin' ) = ZRe � jZ Im (11)

Results from impedance measurements are generally presented in the form of two types
of graphs: Nyquist plots and Bode plots. The most widely used graphical representation
is the Nyquist plot, as seen in Figure 7, where the imaginary part of impedanceZ Im

is plotted against its real counterpartZRe with descending frequency from left to right.
Ohmic and charge transfer resistances can be obtained from the high frequency intercept
and the diameter of the semi-circle, respectively. In Bode plots, the magnitude and
phase shift of the impedance are plotted against the frequency, which allows making
connections between the points and the frequency at which they are collected [42]. At
low frequencies, the impedance exhibits higher values due to mass transport e�ects, while
at high frequencies, the inductance of the battery is the main contributing factor [45].

Figure 7: Nyquist plot including an illustration of identi�able parameters from [26].

Experimental EIS data can be �tted to an equivalent circuit model containing resistors,
capacitors and inductors through an iterative process to �nd the appropriate �tted
parameters. One of the simplest models is the Randles circuit, which represents an
electrical circuit scheme consisting of an electrode immersed in an electrolyte, as shown
in Figure 8. Li-ion batteries can typically be modelled in a similar manner, i.e. as
a resistanceRs in series with a parallell connection of charge transfer resistanceRct

and capacitanceCdl [26]. In real applications, the capacitor is typically replaced by a
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constant phase element (CPE), which describes a non-ideal capacitor. Additionally, a
Warburg elementZw is introduced to represent resistance to mass transfer [44].

Figure 8: Illustration of the Randles circuit model.

2.4.3 Incremental Capacity Analysis

Incremental Capacity Analysis (ICA) measures the rate of change of charge with voltage
(dQ/dV) by applying a constant current at a low rate. An ICA diagram reveals the
phase equilibria of the electroactive material during intercalation, allowing tracking of
SoH (State-of-Health) through information on aging behaviour. As the electrochemical
system loses capacity through irrevesible side reactions, peaks in the dQ/dV diagram
tend to shift, merge and decrease in size. This behaviour is demonstrated in Figure 9. In
addition, the peaks are also a�ected by the C-rate used. Fly and Chen utilized C-rates
ranging from 1C to C/24, with 1C showing less contrast between the peaks compared
to the C-rates of C/6 down to C/24 [46]. Moreover, Olson et al. used a C/20 rate in
their analysis [47].

Figure 9: Di�erential capacity diagram of LiNiCoAlO 2 cells after 0, 100 and 200 cycles
recorded at a current rate of C/24 by [46].
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By performing ICA tests, mechanisms such as ohmic resistance increase (ORI), loss of
lithium inventory (LLI) and loss of active material (LAM) can be both quali�ed and
quanti�ed. Unlike EIS, ICA can be performed simply with current control and voltage
sensing and does not require additional equipment [46]. An analogous analysis method
is Di�erential Voltage Analysis (DVA), where the rate of change of voltage (dV/dQ) is
plotted against capacity or SoC. While ICA peaks are ascribed to phase equilibria, DVA
peaks show the phase transitions of the electroactive material [47].
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3 Experimental Method

3.1 Selection of Pulse Pro�le and Test Cases

Pulse charging tests were performed on BOL (Beginning of Life) prismatic Li-ion battery
cells with NMC/graphite chemistry. Battery speci�cations are listed in Table 1. A pulse
amplitude of 1.5C and a 50% duty cycle was used. The assessment was limited to three
di�erent charging conditions: 0.1-Hz PPC-CV, 1-Hz PPC-CV and 100-Hz PPC-CV.
The cells were cycled within a SoC range of 7%-82%. Although a wider SoC window
could speed up the tests by accelerating the aging process, as cycling at high upper
SoC levels has been linked to fast aging [48], the test matrix was designed with the
intention of making the mode of charging the main driver for aging. The two cells in
Appendix A that were cycled at a 0.75C rate using the CC-CV mode, along with a
temperature of 25� C and a SoC window of 7%-82%, were selected as reference samples.
On the basis of keeping the practical applications identical, it was determined to keep
the average current constant in both the reference and pulsed charging case. Thus, the
pulse amplitude was set to 1.5C with respect to Equation 4. Discharge was performed
using a 1C amplitude to comply with the reference case. One repetition was performed
for each test scenario, as two cells were cycled under identical conditions.

Table 1: Speci�cations for the NMC cathode Li-ion battery cells used for this study.

Battery speci�cations NMC
Format Prismatic cell
Nominal voltage 3.66 V
Upper limit voltage 4.2 V
Lower limit voltage (T � � 10� C) 2.8 V

Given the three frequencies and a �xed duty cycle of 50%, the pulse period was calculated
according to Equation 2 for each test case. The pulse widthtp, which is equal to the
relaxation period t r , was calculated to 5 s for the 0.1 Hz case, 500 ms for the 1 Hz case
and 5 ms for the 100 Hz case. A summary of the test cases is provided in Table 2.

Table 2: Test matrix presenting the test cases and conditions applied in this study.

No. of cells T( ž C) SoC window I (C-rate) Pro�le characteristics
2 + 25ž C 7%-82% 1.5 C/1 C 0.1-Hz PPC (5 s pulse, 5 s relaxation)
2 + 25ž C 7%-82% 1.5 C/1 C 1-Hz PPC (500 ms pulse, 500 ms relaxation)
2 + 25ž C 7%-82% 1.5 C/1 C 100-Hz PPC (5 ms pulse, 5 ms relaxation)

All tests were performed inside a1:0 m � 1:1 m � 1:2 m Discovery MY 1350 climatic
chamber from ACS— with an ambient temperature set to 25� C, which can be seen in
Figures 10a)-b). The battery cycling was achieved with a6 V=300 A=1:8 kW system
SL1007A cycler delivered by Keysight Technologies—. Following best practices in Li-ion
battery cell preparation, the cells were installed in force-applying �xtures. The purpose
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