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Abstract: This comprehensive overview of the impacting factors on lithium-ion-battery’s (LIB) overall efficiency presents the most relevant
influencing factors on a battery’s performance. Dissected into their respective short-term and long-term influences, the working
principles behind the efficiency influencing factors are presented. With a strong focus on battery characterisation, charge-profiles
and battery management systems (BMSs), the authors present results of their own practical research with a detailed literary analysis,
allowing a broad coverage of the complex topic. Finally, the authors present a principle model that indicates the interactions be-tween
the different involved components of the battery.
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1. Introduction

The numbers of electric vehicles (EV) are rising all over the world, yet still, many potential customers mention
that range anxiety is an important reason holding them back from switching to an EV (Pevec et al., 2020, 2019).
Arecent study unveiled that around 35% of the citizens in Germany consider vehicle range as a limiting factor when
considering the purchase of an EV (Burkert et al., 2021). Therefore, research in areas such as fast charging, lithium-
ion-battery (LIB) energy efficiency, as well as EV’s overall efficiency, have become increasingly important in recent
years. Fast charging is a key step to reduce the recharging of an EV to a comparable time interval of refuelling an
internal combustion engine vehicle (ICEV). Furthermore, a sufficient network of fast-charging stations is required
along highways in order to satisfy the expected requirement of electric energy for long-distance travelling (Jochem
et al., 2019). Modern EV can achieve similar driving distances to their ICEV counterparts, even though the energy
density of an EVs traction battery is much smaller than that of the fossil fuel in an ICEV. Despite the energy density
disadvantage, similar driving ranges can be achieved thanks to the higher overall efficiency of an EV (Albatayneh
etal., 2020; Kremzow-Tennie et al., 2020). To further improve EV range, it is important to also improve the efficiencies
of these vehicles. Therefore, a full understanding of the efficiency influencing factors of each relevant component
is needed. In a previous publication, the authors analysed the driving resistances and identified the influence of
weight, aerodynamics and power losses in the electrical system on a vehicle’s overall efficiency. However, the
traction battery was not analysed in greater detail, which is the aim of this research.

Regarding the efficiency terminology, three different efficiencies can be found when analysing batteries. These
can be dissected into coulombic efficiency, voltaic efficiency and energy efficiency. The coulombic efficiency
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describes the relation of the discharge capacity to the charged capacity of the same cycle. Calculation of the
coulombic efficiency is done using the equation
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and is given as a unitless factor between 0 and 1 (Mu and Xiong, 2018; Wang et al., 2021). According to the
1ISO12405-4, the energy efficiency of a LIB can be calculated using the equation
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and for uncycled LIBs usually results in between 75% and 90% (ISO 12405-4, 2018). The voltage efficiency is the
relation between the average voltage over the whole discharge process and the average voltage over the whole
charge process of the same cycle. Calculation of the voltage efficiency
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is done using the stated equation. As the efficiency of a LIB and especially the components influencing the overall
efficiency varies with the battery’s age, specific percentual identifications are nearly impossible to make, as these
are not only specific to each type of battery but also dependent on the specific usage scenario. Therefore, we aim
to give a comprehensive insight into the factors influencing the overall efficiency of a LIB, with a focus on the battery
and its associated battery management system (BMS). Based on this, it is not the aim to name the quantitative
influence on a specific battery cell, but to give a general comprehensive overview of the factors that influence a LIBs
overall efficiency directly or indirectly.

2. Related Works

The authors’ study on the influencing factors on energy consumption of EV forms the basis for this detailed publication
in which the driving resistances and power losses in EV were analysed. Furthermore, the publication included a
verified simulation model that was used to simulate a full vehicle and vary its parameters to understand their
influence on the vehicle’s energy consumption. As the focus of this publication was on the overall vehicle efficiency,
only the overall efficiency of the traction battery was mentioned (Kremzow-Tennie et al., 2020). To get into greater
detail on LIBs, which is the authors’ main area of research, this publication analysed the efficiency influencing
factors by combining literary analysis, battery modelling and battery data collection. Lu et al. also researched EV
energy efficiencies with a focus on the traction battery, yet their research was focused on the then popular Nickel-
Metal Hydride (NiMH) batteries, which have different properties compared to the newer and more powerful LIBs (Lu
et al.,, 2010). Another research on energy efficiencies of LIB has been performed by (Redondo-Iglesias et al., 2017),
who researched the impact of calendar ageing on electric mobility energy efficiencies. Section 4 of this publication
contains the data collection and modelling of LIBs. Similar to the authors’ approach, (Bilansky and Lacko, 2020)
designed and simulated a cyclic battery tester, though the model used in their work is based on the MATLAB generic
battery model, whereas the authors’ model is an equivalent circuit based model using cubic spline interpolated
datasets. Furthermore, the authors of this publication have built several simulation models, featuring different levels
of precision that implement battery parameters measured in real driving scenarios (Guenther et al., 2021; Scholz
et al., 2021), as well as precisely controlled battery test systems (Kremzow-Tennie et al., 2021). Thus, this work
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can be considered an extension of the work presented by Bilansky and Lacko, as it advances the approach of
battery testing into different testing scenarios and their respective measurement data generation. This is especially
important, as the different testing scenarios, such as fast charging result in different ageing mechanisms and thus
differentiate in their influence of the severity on the battery’s overall efficiency.

3. Efficiency Influencing Factors

Understanding and researching the efficiency influencing factors of a LIB is an important step to further promote
electric mobility, as well as to evaluate losses during specific usage scenarios. This section aims to dissect the
battery and its BMS into their respective parts and analyses how the efficiency is influenced through these based
on previously performed research. Therefore, this chapter lays the basis of the literary analysis that is required to
design a battery model that can properly evaluate the different efficiency influencing factors. By culminating the
knowledge on the different battery components and how they are influenced the reader shall gain the necessary
understanding required for the creation of the principle model presented in Section 5.

3.1. Capacity
The capacity describes the usable energy stored inside of a battery and therefore is one of the crucial factors for the
battery’s application. Stated in Ah, the charged capacity can be measured through the integration of the charging
current over its respective charging time. The available capacity of a battery cell is also one of the key parameters
to describe its state-of-health (SOH), which is mostly used to evaluate a cell’s further usability in an electric vehicle,
second life application or if it has reached the end of its life. A SOH in dependence to the capacity is often stated as
SOH(C). In EV technology a SOH(C) of 80%, meaning only 80% of the battery’s original capacity is still available,
means its end-of-life threshold has been reached according to the United States Advanced Battery Consortium
(USABC) (Zhu et al., 2021). As regards the battery’s lifetime, the capacity degrades due to chemical side reactions
such as lithium-plating, the creation of the solid-electrolyte-interface (SEl) and other degradation effects such as
pore clogging and surface cracking, which are all directly proportional to the wear and tear over time. The other
main influences are the ambient temperature, upper and lower cut-off voltage, as well as charge and discharge
current (Hermann et al., 2019; Kremzow-Tennie et al., 2021; Liu et al., 2016; Notten et al., 2005; Petzl et al., 2015;
Reniers et al., 2019).

The influence of a battery’s capacity on its efficiency is strongly dependent on the battery’s SOH, as a reduction
of the available capacity reduces the available range an EV can drive. Furthermore, lower temperatures further
inhibit the full usability of the available capacity, thus reducing the potential range even further.

3.2. Lithium-plating

One of the most notable physical influencing factors is considered lithium-plating, which describes the deposition
of lithium-ions at the graphite layer of the cell’'s negative electrode. Lithium-plating itself does not influence the
efficiency directly, but it influences the ageing of a battery and thus influences the internal resistance and usable
capacity, which then influence the efficiency of a battery. During charging, positively charged lithium-ions intercalate
into the grid structure of the anode, which under normal circumstances, takes place without issues. These normal
circumstances are the manufacturer specified temperature, upper cut-off voltage, as well as the charging current.
It has to be noted, however, that lithium-plating can also occur during battery usage within the manufacturer’s
guidelines, though at a lower rate than when compared to high power loads (Schuster et al., 2015). When the
cell temperature is reduced, the chemical reaction speed is also reduced, a behaviour which is explained by the
Arrhenius equation (Arrhenius, 1889). The reduction of reaction speed results in a slower intercalation process and
therefore a collection of lithium-ions at the negative electrode. This collection itself is no threat to the cell’'s behaviour
if the charging procedure is stopped and the cell can rest. During this rest period, the accumulated lithium-ions
can then slowly intercalate into the graphite grid structure. If there is no rest period, or the charging current is too
large the accumulated and not intercalated lithium ions, it can be reduced to metallic lithium, which is considered
lithium-plating (Liu et al., 2016; Petzl et al., 2015; Reniers et al., 2019). This process is still reversible and given
enough relaxation time, or a small discharge current (lithium-stripping), the reduced lithium-ions can intercalate
into or be stripped from the anode (Shen et al., 2012; Wang et al., 2016). Irreversible lithium-plating happens when
the collected lithium-ions cannot intercalate into the anode and react with the cell’s electrolyte, which results in the
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Fig. 1. Lithium deposition potential at different temperatures, charge rates and cell ages of a hybrid electric vehicle (Yang and Wang, 2018).

solid electrolyte-interphase (SEI) (Reniers et al., 2019). This and the disconnection of the material from the anode
passivates the material, which is then irreversibly lost from the chemical process. As visible in Figure 1, lithium
plating is dependent on the lithium deposition potential, also known as anode potential, which is when falling <0 V
significantly increases lithium-plating (Hermann et al., 2019). Furthermore, with the increasing age of a battery cell,
the lithium deposition potential is reduced, thus promoting lithium plating even further (Yang and Wang, 2018).
Additionally, it becomes visible that towards the end of the charge the risk of lithium plating is greater than at lower
SOCs, resulting in the need for charge rate reductions at high SOC values (Liu et al., 2016; Notten et al., 2005;
Petzl et al., 2015). As mentioned, several other side reactions occur during battery usage. However, since the
authors focus their research on the electrical behaviour of a battery and thus do not observe chemical reactions
such as lithium-plating and the creation of the SEI in their laboratory environments, these won’t be considered in
the greatest possible detail here. To measure the amount of lithium-plating that occurred over a battery’s lifetime,
cells are usually disassembled and their core components are analysed for indication of plating or highly sensitive
measurement equipment has to be used (Hu et al., 2020).

3.3. Open-circuit voltage

The open-circuit voltage (OCV) is a SOC-dependent parameter that displays a battery’s electric output when no load
is applied, thus modelling the ideal voltage behaviour without any losses. Due to its correlation to the SOC, the OCV
is often used by BMS to evaluate the current SOC when no load is applied to the battery. Based on factors such
as the capacity and side reactions mentioned in the previous chapter, the OCV is dependent on the SOC, SOH,
current direction and battery temperature (Xing et al., 2014; Zhang et al., 2018). The exemplary dependence of a
LIBs discharge OCV curve on the temperature can be seen in Figure 2, which shows the biggest deviation between
voltage values at lower SOC values. Furthermore, it can be seen that the lower cut-off voltage differs significantly,
which results in a greater amount of capacity that cannot be withdrawn from the battery at lower temperatures. At
higher temperatures the lower cut-off voltage is lower, thus allowing more capacity to be discharged from the battery
(Ma et al., 2018).
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Fig. 2. Discharge OCV curve over the SOC for different temperatures (Zhang et al., 2018).

Furthermore, it has to be noted that the voltage range in which a LIB is operated or stored has an indirect
influence on the efficiency of the LIB, as this can, for example, favour the ageing of a LIB, which will then lead to
a decrease in efficiency.(Juarez-Robles et al., 2020a; Xu et al., 2018) Thus, reducing the charging cut-off voltage
in the application leads to a significantly higher cycle stability.(Gao et al., 2017; Juarez-Robles et al., 2020a) This
phenomenon can also be transferred to the discharge cut-off voltage (Juarez-Robles et al., 2020b).

3.4. Cell and ambient temperature

Cell and ambient temperature are other important influencing factors, which need to be taken into account when
discussing the energy of a LIB. Manufacturers usually state a recommended temperature range for operation and
another for storage. The biggest difference usually is the lower temperature value for the storage range. As the
storage temperature is most interesting when it comes to the analysis of calendric ageing, this chapter looks into the
operational temperature range, which has a more significant influence on the battery’s performance and usability.
It should however be mentioned that the higher temperatures promote ageing, as visible in Figure 3, which shows
the calendric ageing of a commercial cells stored at different temperatures and SOCs.

As shown in Figure 2, as well as Figure 5¢ and Figure 5d, the battery’s OCV and internal resistance are
influenced directly by its temperature, which results in a direct influence on the battery’s efficiency (Hossain Ahmed
etal, 2015; Liuetal., 2014; Ma et al., 2018; Petzl et al., 2015). Ambient and thus resulting from it the cell temperature
significantly influences the discharge behaviour of a LIB, which can be seen in Figure 4 where the dependence of
the dischargeable capacity, terminal voltage and cell temperature is displayed.

It becomes visible, that at —20°C the terminal voltage shows a significant voltage drop right at the beginning of the
discharge, and only a discharged capacity of <1.5 Ah could be measured. This can be explained by the significant
reduction of reaction speed. At higher cell temperatures and therefore higher reaction speeds, for example at 40°C
the maximum capacity could be discharged from the cell. At such high temperatures, not only the reaction speed
of the cell is increased but also the internal resistance is found to be lower at lower temperatures (Hermann et al.,
2019; Hossain Ahmed et al., 2015; Kremzow-Tennie et al., 2019; Mahmud et al., 2017; Nikolian et al., 2016; Wang
et al., 2017). As mentioned earlier and visible in Figure 1, lower temperatures also promote lithium-plating as the
lithium deposition potential is reduced at these levels. Together with the increased internal resistance and reduced
reaction speed the amount of energy that can be charged into or discharged from the battery is reduced, which
therefore reduces the overall efficiency of the battery. Depending on the charge or discharge current, the battery
faces a temperature increase due to the ohmic resistance. This temperature increase depends on several physical
factors of the battery, such as its size, weight, mass fraction of its chemical components, specific heat capacity,
temperature coefficient, heat transfer coefficient, current battery temperature, ambient temperature and internal
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Fig. 3. Calendric ageing of a commercial 16 Ah cell at different temperatures and different SOC values (Matadi et al., 2017)
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resistance in dependence on the SOC (Kim et al., 2011; Mahmud et al., 2017; Zhang et al., 2018). During charging
and discharging, the ambient temperature and thus the resulting cell temperature also have shown to be a big

influence on the charging efficiency, which have been mainly explained in the previous sections. (Trentadue et al.,
2018; Yang et al., 2018).

3.5. Internal resistance

The internal resistance of a cell concerning its use in an EV has a significant influence on the power losses, heat
generation, as well as extractable energy, and the possible performance of the system. (Barré et al., 2013; lora
and Tribioli, 2019) The internal resistance is influenced by several factors, such as the temperature (de Hoog et al.,
2018; Ma et al., 2018; Mahmud et al., 2017), the current SOC (Hossain Ahmed et al., 2015; Liu et al., 2014) and the
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Fig. 5. Behaviour of a LIBs internal resistance in dependence on SOH and temperature (Nikolian et al., 2016).

SOH (Noura et al., 2020; Nuhic et al., 2013). Additionally, the internal resistance is affected by calendric ageing as
well as cyclic ageing. Furthermore, LIBs are characterised by different charging and discharging resistances, which
accordingly lead to different losses during the charging and discharging process. (Barai et al., 2018; Nikolian et al.,
2016). Due to this multivariate dependence of the internal resistance, a statement about the pulse load capacity,
the cold or hot start properties and also the removable capacity in the load case can be derived directly from it. The
influences on the internal resistance are shown in Figure 5.

As visible in Figure 5a and b, the internal resistance changes significantly when the cell is ageing, which is
caused by reactions such as lithium-plating and SEI creation, which are influenced by the load that is put onto
the cell (Wang et al., 2017; Yang and Wang, 2018). Furthermore, it can be seen in Figure 5¢ and d, how the cell’s
temperature influences the internal resistance. The internal resistances which increase at lower temperatures are
caused by the reduction in reaction speed, which can be calculated using the Arrhenius equation. With an increase
in temperature, the reaction speed also increases, resulting in a reduction of the internal resistance (Arrhenius,
1889; Mahmud et al., 2017). Such as the available capacity of a cell, the value of the internal resistance is also used
for a SOH estimation. In this case, the end-of-life threshold is defined by a 100% increase of internal resistance.
This so-called SOH(R) can also be used for estimating a battery’s further in-vehicle usage or deciding on second-
life applications or recycling.

3.6. Charging profiles

Different charging profiles result in different efficiency levels to be reached, which are dependent on the charge
current and duration. An example of different charging procedures can be found in Figure 6. To evaluate the efficiency
two charging applications shall be considered. The first application can be considered the normal charge to 100%
SOC that is used for most lithium battery applications such as mobile devices and EV. The other application can
be considered fast charging, which has become among the most desired achievements in the promotion of electric
mobility. The ability to quickly recharge the vehicle without long-standing times is desired by many applicants of
EVs. During fast charging the battery is usually only charged to 80% SOC at a very high current, in order not to
overcharge the battery. Depending on the chosen procedure the battery is charged to 100% SOC at a lower current
or the charging is completely stopped at 80% SOC.

One of the most efficient charging profiles, when performed correctly, is the Constant Current Constant Voltage
(CCCV) profile, which charges the battery with a constant current (CC) phase until it reaches the charge cut off
voltage. Afterwards the charger changes into the constant voltage (CV) phase, during which the charging current
continuously decreases as the difference between the terminal voltage of the cell and the applied CV decreases as
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Fig. 6. Different normal and fast charging profiles of LIBs (Keil and Jossen, 2016).

well. This ensures that the battery is not overcharged, as well as reaches the full charge at a very relaxed rate, thus
reducing the risk of lithium-plating caused by high currents at high SOC values (see chapter 3.2). Due to the small
current at the end of the charge and depending on the set cut-off current threshold, the battery can be charged very
efficiently and therefore can significantly reduce losses towards the end of the charge (Shen et al., 2012). Due to
its ease of implementation and integrated overcharge protection, the CCCV profile is used as the standard profile
for most applications.

The Multistage Constant Current (MCC) profile is one of the first profiles designed to reduce the charging time
compared to the CCCV profile. The first stage of the profile charges the battery up to its cut-off voltage and then
reduces the current to a lower, but fixed value. In this following stage, the battery is charged until it reaches the
cut-off voltage again and the current is reduced once more. This is done until the desired number of stages has
been reached and the battery is considered fully charged. Due to the CC in the respective stages, the battery can
be charged faster than with the compared CCCYV profile. Research has shown that a charge time reduction of up to
12% can be achieved (Khan, 2016). However, since the current is not continuously reduced, the CC in the different
stages will result in a higher overall battery temperature and thus promote ageing and lithium-plating (Keil and
Jossen, 2016; Shen et al., 2012).

Another type of charging procedure that is commonly used for battery analysis applications is pulse charging.
These profiles differ in the application of the pulsed charge, as they are differentiated by charging the battery using
pulses solely and only replacing the CV phase with charge pulses. If used for charging applications, the idea for
both profiles is to charge the battery in a relaxed way, as the pauses between the charge pulses allow lithium ions
to properly intercalate into the negative electrode and thus reduce the risk of lithium-plating as well as allow a proper
charge distribution (Amanor-Boadu et al., 2018a, b; Purushothaman et al., 2005; Savoye et al., 2012). During this
relaxation time, overvoltage is reduced, which results in an improvement of the battery’s life expectancy (Amanor-
Boadu et al., 2018a, b; Savoye et al., 2012).

While the pulsed charging profiles have several benefits in terms of reducing the stress experienced by the battery
during charging, they rarely improve the charging time compared to the CCCV profile, as the pauses in between
pulses further increase the charging time. Another pulse charging profile is called the reflex charge procedure,
which has been developed to further reduce the stress experienced by the battery. During this procedure, the
charge pulse is followed by a short break, which is then followed by a much shorter and higher discharge current.
This aims to strip away lithium ions that have accumulated at the negative electrode during the charge pulse and
might run the risk of increasing lithium-plating. The procedure has been proven to effectively reduce lithium-plating,
but its efficiency is not optimal, since the removed energy from the discharge pulse needs to be recharged during
the next charge pulse (Pagar et al., 2021; Wang et al., 2016).

To reduce the charging time compared to the standard CCCV profile, researchers and the automotive industry
alike investigate the challenges posed by fast charging. In general terms, it can be said that fast charging is an
important feature to increase EV popularity as it will promote its user acceptance, as well as reduce the time needed
to recharge commercially used vehicles such as buses, taxis and trucks (Hermann et al., 2019; Jochem et al., 2019;
Kremzow-Tennie et al., 2021; Yang et al., 2018). However, due to the high currents required for fast charging, losses
during charging increase in correlation with the charging current.
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Figure 7 displays the CC charge at different C-Rates, the charged capacity, and the resulting terminal voltage
of the battery. The used charger is designed to stop charging when the cut-off voltage of 4.2 V is reached. During
charging at high C-Rates the terminal voltage of the battery increases not only due to the capacity that has been
charged but also due to the overpotential caused by the internal resistance and the charge current. Depending
on the C-Rate this happens before a significant amount of capacity has been charged, e.g. Figure 7 at 3 C. Since
the CC phase of the CCCV charge performs exactly what can be seen in Figure 7, it becomes clear that the
C-Rate needs to be properly selected to reach the desired SOC in the fastest time. If only the fastest possible
C-Rate is considered, most of the energy that is charged into the battery will be lost as ohmic and thus thermal
losses (de Hoog et al., 2018; Guo et al., 2015; Kremzow-Tennie, 2021; Kremzow-Tennie et al., 2021; Pagar et
al., 2021; Tomaszewska et al., 2019). A further issue arising from fast charging is the accelerated ageing of the
battery, which becomes especially prominent when high C-Rates are used during higher SOC values. Due to
these high currents, lithium-plating is promoted thus increasing the internal resistance and overpotential while
also reduces the available capacity and the overall efficiency. Based on this knowledge the boost-charge (BC)
profile was designed, which aims to counter lithium-plating through the use of a high charging current at low SOC
values for a limited amount of time, which is then followed by a standard CCCV profile. Figure 1 shows how the
lithium deposition potential behaves throughout the charge and it becomes clear that the risk of lithium-plating at
lower SOCs is greatly reduced, thus underlining the idea of using the described procedure. The first research on
BC profiles has been performed by the authors in a previous fast charging study and the results have shown that
compared to the CCCVs overall efficiency of 92.3%, overall efficiencies of 91% and 91.2% for two different BC
profiles could be achieved. During cycle life testing the two BC profiles, which had been designed using a lithium
deposition potential simulation, showed stronger ageing than its CCCV counterpart, which could be explained by
the higher overall battery temperature reached and that the real lithium deposition potential might have been lower
than simulated and thus lithium-plating was promoted during charging (Hermann et al., 2019). The two profiles did
not implement the highest charging current at low SOCs, but at a later point which might also have promoted the
accelerated ageing. Original BC research performed by (Notten et al., 2005) has shown that it is important to start
the BC phase at 0% SOC or close values. A further study into the thermal behaviour during CCCV fast charging
and boost charging, during which the BC started at 0% SOC, have shown that depending on how the profile
is designed, only a minimal difference between the maximum temperatures during the respective charges were
reached (Kremzow-Tennie et al., 2021).

3.7. Battery management systems (BMSs)

A BMS is a system or device which is responsible for monitoring, switching and protecting individual battery cells or
whole battery systems. It performs certain protection functions to ensure safe use of a battery system and prolongs
the lifespan of the individual cells. (Duan et al., 2020; Marcos et al., 2020) The protection functions mitigate the
following risks: they are susceptible to overtemperature, overvoltage (overcharging), under-voltage (deep discharge)
and overcurrent respectively; overpower, which in the case of misuse results in a loss of battery capacity and in the
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worst case in a thermal runaway. For a safe operation of LIBs and to mitigate the risks given above, the following
requirements must be met by a BMS (Aiello et al., 2015; Jossen et al., 1999; Lelie et al., 2018):

BMS Function/Requirement Effect on the battery system

Temperature acquisition Mitigate the risk of over- and under temperature

Highly precise voltage acquisition of individual cells, stacks respectively

modules, whole pack and the Direct Current (DC)-link voltage Operate the cells within their voltage limits

Acquisition of current per stack or for the total pack Operate the cells within their current limit

Data communication, at least with high-level control system Start cooling, control charging, disconnect the system

Appropriate magnitude of balancing currents Prolong the lifespan of the system

Availability and switching performance of Contactors Ensure that a system can be disconnected under hazard conditions
Data logging functionality, e.g. usage history Classification for second life applications

An often unmentioned critical requirement is the intrinsic safety of the system concerning maintenance personnel,
firefighters, and other professionals (Fechtner et al., 2016).

BMS rely heavily on specific hardware requirements to deploy software algorithms, such as the resolution
for voltage readings; accordingly, they enable the determination of state variables such as the SOC, the SOH or
the temperature of the entire battery, and a comprehensive overview is provided in (Liu et al., 2019; Rahimi-Eichi
et al., 2013; Shen and Gao, 2019; Vidal et al., 2020; Waag et al., 2014). Besides the protection aspect mentioned
above, a BMS has to fulfil the balancing of connected cells. Imbalance is a common problem of batteries, which
is caused by internal and external effects. Internal effects are related to variances in the manufacturing process,
impurity of materials, variations in impedance or self-discharge. External imbalance is caused through unequal heat
distribution (causing different self-discharge rates) or unequal sourcing of protection integrated circuits draining the
battery. Without balancing individual cell voltages will drift apart over time, resulting in a decrease in usable capacity.
The used balancing methods can be either active or passive, but actually, every method is actively switched in the
case of lithium-ion cells (Cao et al., 2008).

BMS for EV or further applications like stationary energy storage can be divided into active and passive
balancing. Both methods aim to reduce capacity losses, enhance the lifetime of the batteries, and guarantee a
constant and satisfactory performance during the use of the batteries (Uzair et al., 2021). Passive balancing is less
expensive compared to active balancing, easier to realise, and widespread (Perisoara et al., 2018). Besides the
aforementioned advantages, passive balancing has disadvantages such as energy losses, and active balancing is
more effective against battery ageing. Nevertheless, the latter system has greater complexity and is more expensive
(Uzair et al., 2021). Different topologies of passive cell balancing are known, such as systems with a fixed shunt
resistor or and controlled shunt resistor (Uzair et al., 2021). The resistors integrated into passive balancing systems
are used to control the stored energy of the cells, which are the most charged. Thus, the excess energy will be
converted into thermal energy. Based on the method of passive balancing the charging time increase and electrical
energy wastage caused by energy conversion from electrical to thermal energy leads to lower energy efficiency
(Van et al., 2021). To quote example of a vehicle using passive balancing is the Peugeot iOn, which was used in
different test scenarios conducted by the authors (Guenther et al., 2021; Scholz et al., 2021). For the monitoring
of the Li-lon cells of the Peugeot iOn, the multicell battery stack monitor LTC6802-1 of Analog Devices is applied,
which can measure 12 Li-lon Cells in series. For the balancing of the 88 cells of the Peugeot iOn, on-chip passive
balancing switches, as well as MOSFETSs, are integrated into the IC. Thus, overcharged cells can be discharged by
the MOSFETs (‘LTC6803 Linear Multicell Battery Monitor,” 2021).

Active balancing can be categorised by different balancing methods and underlying circuitry. The non-
dissipative balancing methods can be further split up into: Pack-to-Cell, Cell-to-Pack, Cell-to-Pack-to-Cell,
Adjacent Cell-to-Cell and Direct Cell-to-Cell concerning the direction of the energy transfer. There are various
hardware solutions already available to equalise charge imbalances of LIBs, a comprehensive overview is given
in (Gallardo-Lozano et al., 2014; Popp et al., 2021; Shang et al., 2015). The used test vehicle, the Peugeot iOn,
still uses a dissipative balancing with a reported power of approximately 400 mW per cell, assuming a cell voltage
of 4.2 volts. A higher balancing power, hence a higher current, increases the stress on components and the used
PCB caused by rising temperatures. To get around this, either greater resistances, in terms of power dissipation
and its dimension, and additionally thicker cables have to be used or a change to a non-dissipative topology has
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Fig. 8. Comparison of passive vs. active balancing in BMSs. Graphic based on (Daowd et al., 2011). BMSs, battery management systems.

to be made. The new non-dissipative topology comes with additional costs and weight, due to special components
such as inductors and switches. More complex algorithms are also required to control these circuits and to
redistribute the energy between the cells. So the typical approach for balancing in EV remains the dissipative
balancing. (Lelie et al., 2018).

Furthermore, battery monitoring as well as balancing is an effective method to enhance the lifetime of batteries
(Gabbar et al., 2021). In (Kremer et al., 2021), a strategy for active balancing is presented. This system has the
goal, among others, to reduce the influence of the temperature on battery ageing. The positive effect of active
balancing on battery ageing is emphasised by the authors of (Omariba et al., 2019). Furthermore, the importance of
continuously monitoring the battery temperature in the context of battery ageing is also highlighted in (Lehtola and
Zahedi, 2021). Therefore, a BMS can enhance the lifetime of batteries by measuring the battery currents, battery
voltages and battery temperatures. The enhancement of the battery lifetime by the application of a BMS is also an
ecological advantage (Gabbar et al., 2021).

4. Data Collection and Battery Modelling

Section 4 aims to display different ways of data collection that have been used to evaluate the efficiency influencing
factors within this work. These are separated into laboratory battery testing, which allows the performance of precisely
controlled battery tests, as well as real-world data collection which is performed by the installation of Controller Area
Network Bus (CAN-Bus) loggers in different EVs to monitor their traction in real driving applications. At the electric
vehicle institute of the Bochum University of Applied Sciences and the Chair of Electric Mobility and Energy Storage
Systems of the University of Wuppertal, the authors of this publication research the electric behaviour of LIBs at cell
and module levels. Using state-of-the-art Keysight Battery test systems, the two laboratories work hand in hand when
it comes to different aspects of battery testing for research and customer projects. In compliance with internationally
standardised battery test procedures, such as the ISO 12405 for electrically propelled vehicles, detailed analysis and
characterisations are possible (ISO 12405-4, 2018). With currents of up to = 100 A per channel and up to = 800 Ain
parallel connection, the test system offers up to 2 kHz of measurement frequency for current and voltage (Keysight,
2021). The usage of such laboratory test systems in combination with the real-world measurement data allows the
authors to design battery models based on the data collected in a precisely controlled laboratory surrounding and
compare the model results with data generated in real-world driving scenarios. At last in Section 4.3, the model
designed from the literary analysis and the real-world data collection is presented and will show how the different
components that have been presented in Section 3, influence each other. To further help the understanding of this,
an example usage scenario is presented, displaying the interactions of the components for the application.
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4.1. Laboratory battery testing

To collect reference battery datasets, as well as test different controlled behaviours, such as during cyclic ageing
with a continuous ageing cycle, laboratory battery test systems are crucial. At the electric vehicle institute, a cooling
incubator from Binder®is used to perform the battery test in a controlled thermal environment, as well as ensure
laboratory safety during testing. In combination with a ten-channel Keysight cell test unit, charge and discharge
loads are applied to the cell, while cell voltage is measured on a secondary measurement line. Furthermore, the
temperature of the cell is measured directly using PT1000 temperature sensors. The collected datasets are then
stored either in a computer or in cloud storage like presented in (Hellwig et al., 2020) and can then be processed
for further analysis.

Figure 9 displays the exemplary connection of a single prismatic cell (3.) to the Keysight Scienlab Battery Test
System (2.) at the authors’ laboratory. The cell is placed inside a Binder® KB 400 cooling incubator (1.), ensuring
a controlled ambient temperature. Using the load line lines (7.) and (8.), the desired current be charged into or
discharged from the battery. Via the voltage sense line (4.) and (5.) the battery’s voltage is measured. Furthermore,
the PT1000 temperature sense line (6.) measures the battery temperature and is connected to the battery case
for optimal thermal measurement. To ensure operational safety, the measured voltage and temperature are
continuously compared to a set of fixed values, such as 4.25 V as the maximum safety voltage, ensuring that the
battery stays within the specified parameters at all times. Should one of the abortion criteria be harmed for a set
period of time, testing is stopped on all channels and the cooling incubator lowers its internal temperature to -5°C
to reduce the battery’s internal chemical activity.

Figure 10 shows the pulse power characterisation procedure of the ISO 12405-4 battery test procedure
performed on a new Panasonic NCR18650B cell. This pulse power characterisation is performed using the
previously displayed battery test system and is part of a long-term cycle life testing procedure. The pulse power
characterisation is performed at different SOC values, namely 20%, 35%, 50%, 65% and 80% SOC. To achieve
the SOC values, the cell is fully charged to its end of charge voltage, given a rest period of 1 h, which is followed
by a top-off charge aiming to compensate for any voltage losses from the previous charge. Afterwards the cell is
discharged to the desired SOC value at which a high discharge and charge current are applied to the cell, thus
measuring the voltage response. The measured voltage drop in charge and discharge direction is then measured
and the desired information such as internal resistance, charge transfer resistance and polarisation resistance
of the cell can be calculated from it. The discharge and charge pulses are then followed by a longer, but lower
discharge pulse which discharges the cell to the next desired SOC level. At this level, the same pulses are applied,
and the desired values can be calculated from them. Furthermore, the last voltage value before the pulses are
applied, is considered the OCV value which in this case is recorded 30 min after the desired SOC level has been
reached. This is done to let the cell chemistry relax and end most of the intercalation and diffusion processes that
occur during the discharging process.

During the characterisation the cell’s capacity is also measured using a defined charge and discharge current
of one-third of the cell’'s standard C-Rate at different temperatures to evaluate its performance under different

Fig. 9. Exemplary connection of a single prismatic battery cell to the Keysight Scienlab Battery Test System.
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Fig. 10. Excerpt of a battery test programme performed to ISO 12405-4 compliance. Shown here is the pulse power characterisation of a Panasonic
NCR18650B cell at one temperature.

environmental influences. As mentioned earlier the shown excerpt is from a long-term cycle life test during which the
characterisation process is performed every after a fixed number of previously defined cycles. This offers precise
monitoring of the cell’'s changing behaviour with its increasing age. In combination with the measured capacity of the
cell, the obtained data from the pulse power characterisation are required to evaluate their influence on the overall
efficiency. After the capacity and pulse power measurement have been performed the cell is cycled with a set
number of pre-defined charge and discharge loads, after which another characterisation is performed. This is done
until the desired SOH value, for automotive testing it is usually 80% SOH, is reached. After this life cycle analysis,
the performance degradation of the cell over its cycle life for a set load profile is known and the changing behaviour
of the efficiency influencing factor can be evaluated. Furthermore, the values obtained from such a characterisation
process can then be used to feed a simulation model of the characterised battery, that can reproduce the performed
measurements, as well as simulate load profiles that otherwise could not have been tested.

4.2. Real-world data collection

To be able to analyse the influences on the battery behaviour and its efficiency under real conditions, data recording
is an important tool, e.g. in electric or partially EV, and it is also important in the application as stationary storage.
In both cases, data on real use is collected which enables an assessment of possible losses and also, for example,
future optimisation needs. When recording vehicle data, data logger units are usually used which are connected
to the vehicle via the on-board diagnostics (OBD-II port). The OBD-II port is an interface to the vehicle’s internal
CAN-BUS, which is used for communication between the Electronic Control Units (ECUs) in the vehicle. In
(Guenther et al., 2021), such a system was presented for recording and processing vehicle data using data loggers
and applying cloud storage. When recording data for stationary storage, either data recording using data loggers
(these typically have an intelligent and communication capable BMS), or smart meters can be used, which send
their data via a backend system to an energy management system (EMS) such as in (Kalla et al., 2021) or (Rathor
and Saxena, 2020).

4.3. Principle model
The literary analysis, in combination with the authors’ own practical research, has identified efficiency influencing
factors and allows to sort them in their order of significance. This can be used as advice for applications aiming to
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achieve the highest efficiency when talking about the short-term effects or achieving the longest cycle life. It has to
be noted, however, that the short-term and long-term effects interact with each other and thus influence each other.

Figure 11 displays the different actors inside and outside the battery and their influence on each other in a principle
model. The two biggest influencing factors that have been identified in this research are the battery temperature and
C-Rate used to charge or discharge the battery. Under consideration that a single charging process is observed,
Figure 11 shall be explained using a detailed example.

As a basis for the explanation, it shall be assumed that the cell temperature and ambient temperature are the
same value when the charge is started and that the charging procedure used is the standard CC-CV procedure..
When charging is started the BMS will define the C-Rate for the required charge following the charging conditions
specified by the manufacturer, thus influencing cell temperature in combination with the internal resistance. The
internal resistance, together with the OCV and available capacity, is strongly dependent on the temperature, as
has been presented in the previous sections. In combination with the cell temperature, the C-Rate influences the
quantity of lithium-ions that accumulate at the anode of the cell, thus influencing the severity of lithium-plating for
the given charge. The amount of plated lithium, then influences the internal resistance, which increases due to
the plated and therefore lost active material. This behaviour is especially crucial when the battery behaviour is
analysed in a cycle life application, as measuring the occurred lithium-plating of a single charge is an extremely
difficult process. The loss of active material furthermore results in the loss of available capacity. Depending on the
C-Rate and the internal resistance, the voltage fall-off caused by the internal resistance of the cell influences the
terminal voltage, which is measured by the BMS and can result in the charge being stopped before the battery is
charged to the desired SOC, and similarly it can be seen in Figure 7 at high C-Rates in Section 3.6. The terminal
voltage can be considered as an interface between the LIB and BMS and is next to the additionally measured cell
temperature a crucial factor for the BMS’ decision-making process. In the case of the exemplary used standard CC-
CV procedure, the cell will be charged with a CC until the upper end of charge voltage is reached and the charger
then switches to the CV phase. In terms of efficiency influence, the CC phase results in greater losses, due to the
higher charging current and the resulting voltage fall off at internal resistance, temperature increase and potential
lithium plating. Should the cell temperature reach a limit, no matter if it is high or low, the BMS will coordinate the
thermal management system to adapt the proper climatisation to bring the cell back or close to its desired operating
temperature. Similar to temperature monitoring, the BMS measures the cell voltage and ensures that it is in the
manufacturer specified range.

The displayed influences show the immediate effects of the different actors on each other. It has to be mentioned,
that the figure does not include the battery’s ageing, which has been left out for the sake of readability. In real life,
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each charge and discharge influences the battery’s overall efficiency, as the described processes take place and
thus promote the ageing of the battery.

5. Conclusion and Further Research

In this research, the authors have collected the necessary information to evaluate the different efficiency influencing
factors relevant during the usage of LIBs. Through the detailed presentation of each of these, they aim to broaden
the understanding of the different factors and how they influence each other. Based on the principle model shown in
Figure 11, these influences are visualised and their relevance can be observed. The presented model is simplified
to a point in time, as specific model, which does not consider ageing processes, and which would inhibit its
understandability in this term of presentation. With this work, the authors have presented the literary basis, as well
as the laboratory and real-world data collection required for the model to be created.

In the next steps following this publication, the authors aim to optimise an existing battery model that shall
help to precisely simulate each of the influencing factors, for an even better understanding of their interaction and
their influence on the battery’s overall performance. Furthermore, the optimised model will help to adapt different
influencing factors such as the charge profile and BMS to evaluate if the efficiency can be altered positively throughout
the battery’s lifetime, while still maintaining defined loads as they occur in EV and Second-Life applications.
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