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Abstract: The introduction of battery electric vehicles on the global market has triggered a sustained
upheaval in the automotive industry. In this process, the new properties of a battery-electric pow-
ertrain lead to a different set of central requirements, such as increasing the range, lifetime or the
fast-charging capability of the vehicle battery. This paper develops a bottom-up systematic model
to assess the current and future impact of different battery technologies on vehicle costs. For this
purpose, it summarises the scientific findings of automotive battery cell chemistries and, flanked by
novel expert interviews and teardown data, derives key values for them. Based on the data obtained,
modelling is carried out to demonstrate the technical and economic suitability of the identified cell
chemistries and their impact on the range and total cost of electric vehicles. Lithium iron phosphate
batteries appear to be able to achieve a price saving of up to 21% in the small vehicle segment
compared to nickel-rich cell chemistries, provided that customers are prepared to accept a reduced
range. At the same time, further efficiency improvements of the powertrain lead us to expect that, in
combination with future high-energy cells, ranges of more than 800 km can be achieved even in the
mid-size vehicle segment. It turns out that depending on whether the focus of the vehicle is on cost,
range or performance, different battery technologies are likely to be used in the future.

Keywords: battery electric; vehicle; passenger car; chemistry; vehicle cost; range

1. Introduction

The automotive industry is currently facing the challenges of the trend towards elec-
tromobility [1]. In recent decades, the internal combustion engine held a monopoly position
as a vehicle drive. This was due, among other things, to the high energy density and
global availability of liquid fuel, as well as the technical reliability of the drive and the
cost-effective use by end customers [2]. Electrification of the powertrain has increased
significantly in automobiles in recent years. The reasons for this are ecological and societal
developments and the strict regulations that accompany them [1]. The developments
result from the major disadvantage of vehicles with internal combustion engines (ICEVs).
These produce local emissions and carbon dioxide. Carbon dioxide is one of the main
greenhouse gases and thus has a major impact on climate change [2]. As a result, the
European Union has imposed regulatory requirements on vehicle manufacturers (origi-
nal equipment manufacturers, OEMs) with regard to CO2 fleet limits, which has led to
an increase in powertrain electrification [3].

The launch of battery electric vehicles (BEVs) on the global market has triggered
a sustained change in the automotive industry. On the one hand, the new properties
of a battery-electric powertrain lead to new central requirements, such as increasing the
vehicle’s range or the fast-charging capability of its battery [4]. On the other hand, electric
powertrain components are not yet optimised in terms of technical and economic aspects,
which leads to a change in the cost structure of BEVs compared to ICEVs.

Within a battery electric drivetrain the battery itself is primarily responsible for the
central requirements of the vehicle and also accounts for a significant proportion of the
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overall vehicle costs [5]. In order not to lose one of the vehicle’s most important sources of
value creation, some traditional car manufacturers are now developing their own battery
cells [6–8], while new market players already trying to rethink the entire battery design
by integrating the cells directly to the pack or the vehicle chassis [9] and other manufac-
turers run the risk of becoming dependent on the large cell manufacturers as buyers of
battery cells. However, all OEMs and battery suppliers are equally dependent on the
electrochemical properties of the various cell types. Since the market entry of the first
rechargeable lithium ion cell in 1991 [10], numerous different material combinations for
the battery’s anode and cathode have been developed. Currently, the most common cell
chemistries in the automotive market are lithium nickel manganese cobalt oxides (NMC) in
various composition ratios, lithium nickel cobalt aluminum oxides (NCA) and lithium iron
phosphate (LFP). These differ greatly in key areas such as energy density, lifetime and cost.
Therefore, various OEMs are already planning to optionally use different cell chemistries
for the same vehicle model in the future, either to save costs or to increase the range [11,12].

To understand the complexity of the market and to identify possible application areas
for different cell chemistries, this work deals with current and future developments of
automotive traction batteries. In order to work out the differences between the various
cell chemistries, an intensive literature review was first carried out. This was verified by
expert interviews, teardown analyses and a comparison to the current battery strategies
of the OEMs leading to technology portfolios for the different cell chemistries with their
most important key performance indicators (KPIs). Based on these derived indicators
a model was developed to identify the impact of using different battery chemistries and
technologies on passenger cars.

The model investigates the influence of vehicle-specific parameters, such as vehicle
weight, aerodynamics and efficiency of the powertrain components on the overall energy
consumption and range of a vehicle. In addition to the simulated energy consumption to
determine the resulting vehicle range when using different cell technologies, the vehicle
model also contains a bottom-up cost calculation to be able to compare the different tech-
nologies techno-economically. Future developments of the KPIs of the battery technologies
can be continuously adjusted and provide information about the influence on costs, energy
consumption and range. This allows the model to show the strengths and weaknesses of the
individual battery technologies at the overall vehicle level. It also points out the potential
that lies in future developments within the battery, but also within the components of the
entire vehicle.

This paper develops a bottom-up systematic model to assess the current and future
impact of different battery technologies on vehicle costs. While current scientific literature
mainly focuses on specific cell chemistries, a mix of cell chemistries and battery technologies
can be expected in the future passenger car market. With the development of our vehicle
model we want to evaluate which cell chemistries can practically be used for future battery
electric vehicles. Therefore, key technical indicators were defined as input variables to the
model based on an intensive literature review combined with novel expert interviews and
yet unpublished teardown data for many different cell chemistries and technologies. Based
on the newly determined performance indicators for different cell chemistries and our
bottom-up vehicle model, we are now able to estimate the use of different cell chemistries
within a vehicle segment. Furthermore, the newly gathered insights on chemistry, vehicle
range and energy consumption are contextualized and evaluated with the current strategies
of the major vehicle manufacturers. The paper thus bridges the gap between scientific
theory and technological implementation. Furthermore, this work serves as a basis for
making predictions about the future value creation potential and raw material requirements
of different cell chemistries in further work.

2. Materials and Methods

In order to provide a comprehensive overview of all current and future cell chemistries
and to obtain meaningful data on the most important KPIs of the cell chemistries to be
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investigated, a database was created as part of this work. Based on different technical
literature, conference presentations and publications of recent years, we analysed the
most important cell chemistries currently used in battery electric vehicles and the most
promising for future vehicles. In the literature search, we focused on the most recent
literature containing relevant information for the European traction battery market. For
this purpose, existing scientific databases were manually searched, as well as statements
and announcements from vehicle and battery manufacturers collected. Tables 1 and 2 show
a summary of the extracted data with the linked sources.

The literature review was followed by four expert interviews. Due to the market prox-
imity of the experts (from battery manufacturing, consulting and research), the interviews
serve as the basis for the data and for validating existing data. The experts were also asked
for their assessments of possible market launches of the technology and the associated
state of development. The questionnaire is presented in Appendix A. In addition, experts
close to the market were interviewed about the future price development of various cell
chemicals. The experts’ statements are summarised and anonymised in this paper.

The analysis was rounded off with teardown data from the A2Mac1 battery reports [13],
in which the cell chemistry of 14 series production vehicles from the European market were
analysed and described in detail.

There are a number of different materials for the positive and negative electrodes
that could be used in a battery for electric vehicles. The technological limits as well as
the advantages and disadvantages of the respective active materials allow a number of
possible combinations. In the end, a compromise of the requirements for battery systems
must be found to enable their use in a BEV. The performance parameters worked out in this
paper were taken from batteries designed for use in a passenger vehicles. Cost data refers
primarily to the costs of the battery/vehicle in Germany, but also accounts for the cost data
collected from other European Union members. For other countries, vehicle, battery and
component costs may differ as shown in [14].

2.1. KPIs of Current Batteries Based on Literature Reviews, Tear-Down Reports and
Expert Interviews

NMC batteries (LiNixMnyCozO2) are one of the most successful Li-ion systems [10].
Currently, the most popular NMC batteries on the market are NMC-111, NMC-532, and
NMC-622 [5]. The number combination indicates the quantity ratio of nickel, manganese
and cobalt in the cathode. In the case of NMC-811, this would be 80% nickel, 10% man-
ganese and 10% cobalt. NMC batteries have a nominal voltage of 3.6–3.7 V and can be
designed for high specific energy or high power. The decisive factor is the combina-
tion of nickel and manganese. An increased nickel content is responsible for a higher
energy density, since nickel is able to hold more lithium ions. NMC-111 cells, for ex-
ample, have a typical gravimetric energy density of 140–190 Wh/kg [15–18]. NMC-532
are slightly above this at 220–250 Wh/kg [13,17,19], while the NMC-622 cell chemistry,
that is currently used in many vehicles such as the VW ID.3, Mercedes EQC and Re-
nault Zoe [13] is at energy densities of 255–290 Wh/kg [13,15,17,20]. The latest BEVs are
already using NMC-811 batteries [21] which promise an even higher energy density of
244–300 Wh/kg [13,15,17,19,22–24]. However, this also results in a shorter life cycle, since
nickel is more reactive to the electrolyte [25]. Manganese forms a spinel structure that
stabilizes the overall system. This results in a low internal resistance, which leads to higher
performance [26]. In the future, nickel-rich electrodes are likely to be used increasingly,
which will lead to a reduction in the cobalt content, among other things. Due to the high
cost of cobalt, batteries could thus be produced more cost-effectively in the future. This
results in a cost difference between NMC-532 battery cells, which according to the experts
interviewed are around 110–130 EUR/kWh, and NMC-811 cells is up to 30 EUR/kWh.

Compared with other current cell chemistries, NMC batteries currently offer the best
compromise between cost on the one hand and high gravimetric and volumetric energy
density on the other [25]. As a result, NMC batteries are currently used in lots of battery
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electric vehicles such as the VW ID.3, the Renault Zoe, the Hyundai Ioniq 5, the Peugeot
208e and the Mercedes EQS and will probably continue to dominate the market in the
future [13].

As one of the main drivers of electrification, Tesla, together with Panasonic, has
brought the NCA battery to mass production for battery electric vehicles [26]. The cath-
ode of the NCA battery consists of the eponymous lithium nickel cobalt aluminium ox-
ide (LiNixCoyAlzO2). The currently most common NCA batteries consist of 84% nickel,
12% cobalt and 4% aluminum and, like NMC batteries, belong to the cathode materials with
a layered structure [27]. An NCA battery delivers a high discharge capacity of 200 mAh/g,
which is the highest capacity among the currently mature lithium ion battery (LIB) [26].
In addition to the increased capacity, NCA batteries, due to the nominal voltage of 3.7 V,
also bring a high energy density of 200–322 Wh/kg [5,17,28–30] as well as a high power
density [31]. Furthermore, they have good cycling stability even at elevated temperatures
of up to 60 ◦C [26]. This can be justified by the added aluminum, which strengthens
the structure of the cathode. NCA batteries also have a long life span of 1000–1500 life
cycles [17,28]. Despite the low cobalt content, NCA batteries are comparably expensive
to manufacture as NMC batteries [25]. One disadvantage is the safety of the battery, so
that the battery needs additional special safety monitoring measures for use in electric
vehicles [25]. NCA batteries have a strong tendency to form oxygen in an exothermic
reaction at elevated temperature, which causes the NCA battery to further increase in
temperature and begin to burn in the event of overheating. This results in what is known as
“thermal runaway” [31]. At elevated temperatures, additional undesirable reactions occur
between NCA particles and non-aqueous electrolytes. These reactions produce chemicals
that deposit on the separator and block the path of the lithium ions, which leads to a loss of
capacity and thus to rapid ageing of the battery. To reduce these known drawbacks of NCA
as a cathode material, researchers are focusing on combining NCA with other cathode
materials and modifying the surface of the NCA particles [32].

LFP batteries are a design of lithium-ion batteries in which the cathode is made of
lithium iron phosphate (LiFePO4). Lithium can be stably intercalated in the basic iron phos-
phate framework [33]. Iron phosphate is a cost-effective and environmentally friendly ma-
terial [28]. Resulting in cell costs of 54–110 EUR/kWh according to the experts interviewed.
The rated voltage of LFP batteries is 3.3 V, which is lower than that of NMC and NCA batter-
ies [33]. Due to their lower nominal voltage, LFP batteries have a comparatively low energy
density on cell level of 90–190 Wh/kg [13,16,17,22,28,29,34–36] and lose power quickly at
low temperatures [37]. Characteristic of LFP batteries is a high structural and cyclic stability.
This results in high safety and a long service life of 2000–4000 life cycles [10,22,28,38]. Even
in the event of overcharging or undercharging, this has only a minor effect on the life cycle
of the LFP battery [37]. In addition, since the material does not decompose thermally, it
is difficult to ignite and is therefore characterized by excellent thermal stability [26]. LFP
cathodes support high voltages and correspondingly high currents, making them suitable
for use in fast-charging LIBs [33]. The sometimes serious drop in performance at low
temperatures and the high self-discharge are issues on which intensive research is being
conducted. These effects can be mitigated by using an intelligent battery management
system and high-quality cells, but this also increases the cost of the battery pack [26]. One
way to increase energy density is to increase the operating voltage by replacing all or part
of the iron phosphate with other metals, for example the metal manganese. So-called LMFP
batteries (lithium manganese iron phosphate) have a higher voltage potential of up to 4.1 V,
which results in an increase in energy density of approx. 15% [34].

According to the experts interviewed, LFP batteries can be more easily used in
a “cell-to-pack” technology due to their high intrinsic safety, thus partially making up
for the disadvantage of lower energy density at the cell level compared to other lithium-ion
batteries at the system level. LFP cells are well suited for large format cells like blade battery
OF BYD due to good thermal stability [34,36]. In the mobility sector, LFP batteries have so
far mainly been used in buses and trucks due to its low energy density. However, Tesla
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and other manufacturers such as BYD have been developing this technology for a number
of years and are now able to produce cars with a better overall energy density at the pack
level, so that a useful vehicle range can be achieved now also with LFP battery cells [26].
As a result, LFP batteries are currently used in some production vehicles the BYD Tang, the
Tesla Model 3 Standard range and the MG 4 [13].

The cathode of LMO batteries (LiMn2O4) is made of lithium manganese oxide and
is known for its spinel structure. The spinel structure provides LMO cathodes with high
thermal stability and improved safety compared to other LIBs. In addition, the three-
dimensional architecture improves ion flow at the electrode, resulting in lower internal
resistance and high discharge rate [5]. LMO cathodes are among the low-cost cathodes
because they contain neither cobalt nor nickel [26], costing 70–130 EUR/kWh according
to the experts interviewed. Disadvantages include low capacity and the associated low
energy density. LMO batteries do not have a high cycle and calendar life because increased
operating temperature leads to dissolution of the manganese by the electrolyte and thus
to a high loss of capacity [5]. The industry is focusing on combinations of LMO cathodes
with other cathode materials to increase the cycle life and specific energy of a LMO battery.
LMO-NMC combinations have already been successfully used in some vehicles such as
the BMW i3 or the VW e-Golf [5]. However, it can be assumed that, due to its low energy
density of 100–150 Wh/kg [17,28,30,39], the market share will decrease in the coming years
in favor of NMC batteries and LFP batteries [26].

While the cathode of a battery has a major influence on the technical and economic
parameters and is therefore usually the focus of current and future developments, the
performance of a battery cannot only be increased by optimising the cathode. Up to
now, anodes have mainly been made of synthetic or natural graphite. However, synthetic
graphite is gaining more and more market share due to its higher quality and falling costs.
Natural graphite is cheaper, but is classified as critical by the European Union and the
USA due to the emissions that arise during its production or mining [5]. A new trend is
the modification of the anode by incorporating silicon into the graphite matrix. Silicon
is able to hold significantly more lithium ions, which leads to an increase in the energy
capacity of a battery. The biggest challenge in using silicon is the volume expansion that
occurs when lithium ions are transferred into the silicon structure [40]. This can lead to
high mechanical stress and thus damage to the battery. According to the current state of the
art, silicon amounts of 10–20% are possible in the anode, and even these quantities generate
great progress in terms of battery capacity, so that a gradual increase of the Si content in the
graphite anode is expected [26].

In addition to graphite as anode material, lithium titanate is also used. The lithium
titanate electrode has a much higher effective surface compared to graphite, which is why
very high charge and discharge currents are possible [41]. However, these cells only offer
a low cell voltage and a resulting low energy density, which is why it can be assumed that
they will be used in high-power applications rather than in the high-energy application of
a BEV [5].

High future potential is expected for solid lithium-metal anodes [34]. The application
of such anodes would result in a strong increase in energy density at the cell level, as the
theoretical capacity of a metallic lithium anode is 3860 mAh/g. For comparison, graphite
has a capacity of 360 mAh/g [34]. But metallic lithium generally tends to form dendrites,
which could grow to the cathode and can thus cause an electrical short circuit. For this
reason, the use of a suitable solid electrolyte is indispensable [26]. The development of
future battery chemistries is described in more detail in Section 2.2.

Figure 1 shows a comparison of the most important electrode potentials and specific
capacities of different active materials analysed within this work. The graph illustrates
why, for example, lithium titanate is hardly used in battery electric passenger cars and that
lithium metal anodes and silicon anodes have great potential for future developments due
to their high specific capacity.
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Figure 1. Overview of the electrode potentials and specific capacities of various active materials.
Own representation based on [42,43].

The KPIs described for the different battery types are shown again in detail and with
the corresponding sources in Table 1. The uncertainty of this market can be clearly seen
from the sometimes very large range of the KPIs. We thus listed all the identified sources in
the table and then also reported the input variable to the model as “model assumption”.

Table 1. Overview of the key performance indicators (KPIs) of current cell chemistries considered
within this paper.

KPI Source NMC-111 NMC-532 NMC-622 NMC-811 LFP NCA

Gravimetric
Energy
Density
Wh/kg

Literature

140–170 [15] 235–250 [19] 280 [15] 270 [22] 175 [22] 200–250 [28]
193 [16] 250 [17] 260–290 [20] 300 [15] 90–140 [28] 322 [29]
170 [17] 219–227 [13] 260 [17] 300 [23] 160–180 [34] 200–260 [30]
174 [18] 255–270 [13] 244 [24] 130–190 [29] 236–260 [5]

270–300 [19] 168 [16] 260–280 [17]
280 [17] 185 [35] 250–280 [44]

265–290 [44] 150 [17]
252 [13] 166 [36]

160–200 [44]
165 [13]

Experts 150–190 170–220 200–280 240–340 190 240–340
150–180 180–220 220–260 260–280 160–180 260–280

Model assumption 180 220 260 280 185 280

Volumetric
Energy
Density
Wh/l

Literature

230–410 [15] 530–570 [19] 650 [15] 740 [22] 380 [22] 673–683 [26]
567 [16] 445–453 [13] 680–800 [20] 700 [15] 457 [16] 630–670 [45]
490 [46] 649–693 [13] 680 [23] 430 [35] 700–850 [20]
352 [18] 660–700 [19] 395 [46] 866 [46]

737 [46] 448 [36] 550 [44]
735 [44] 449 [38]
532 [13] 390 [44]

362 [13]

Experts 300–450 - - 550–740 - -
350–400 450–500 550–650 650–700 320–360 700–750

Model assumption 400 500 650 700 430 750
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Table 1. Cont.

KPI Source NMC-111 NMC-532 NMC-622 NMC-811 LFP NCA

Lifecycles

Literature
1750 [19] 1250 [23] 3500 [22] 1000–1500

[28]
1750 [19] 2000 [28] 1000 [17]
1500 [44] 4000 [38] 1000 [44]

Experts 1800 1500 1500 1200 3500 800–1600
1000 1000 1000 1000 3000 800–1000

Model assumption 1500 1200 1200 1000 3500 1000

Cost
EUR/kWh

Literature
75–85 [24] 80–90 [24] 90–100 [24] 90 [22] 65–75 [24]

108 [44] 112 [44] 90 [47]
102 [44]

Experts 145 130 100 90 70–110 80–130
117–135 108–126 90–108 81–90 54–81 72–90

Model assumption 145 130 100 90 80 90

2.2. KPIs of Future Batteries Based on Literature Reviews and Expert Interviews

In order to be able to estimate how the passenger car market could develop in the
future, the possible development of battery cells was also analysed in the course of the work.
This chapter hence analyses the evolution of the currently established cell chemistries NMC,
NCA and LFP as well as the potential future KPIs of the solid-state battery, sodium-ion
battery and lithium-sulphur battery. As part of this work, we have analysed the potential
maturity levels: technology (TRL) and market readiness level (MRL) based on [48,49] for
the different future battery types. We then focused on the KPIs that could be achieved
within our reference year 2030.

NMC batteries are currently the most successful active cathode material and are
accordingly mature and in mass production. Further developments such as NMC-811 are
increasingly penetrating the market in the near future and will in all likelihood become
established [50]. The term NMC2030 is used here and in the further course of the work for
the NMC battery in the year 2030 and includes all development steps of the next few years.
According to the experts interviewed, these will mainly take place on the anode side and
will be accompanied by an increase in the silicon content.

As described above, the energy density of LFP batteries can be increased by up to
15% through the supplementation of manganese, as this raises the cell voltage to up to
4.1 V [34]. In 2022 CATL announced to start mass production of a LMFP battery called M3P
battery. They currently state that the newly developed cell will be having an energy density
of 210 kWh/kg [51].

One of the current focus of research and development for battery systems in electric
cars is solid-state batteries. In solid-state batteries, the usually liquid organic electrolyte of
a classical battery is replaced by an ion-conducting solid. They therefore have no liquid
components and the use of a separator, as used in liquid electrodes, becomes unneces-
sary. A distinction can be made between three categories of solid electrolytes. These are
polymeric, hybrid and ceramic solid electrolytes [34]. The focus of electromobility is on
sulfides and garnet-like oxides [5]. Depending on the parameters to be achieved, solid
electrolytes can be combined with all established electrode materials. The major advantage
of using solid electrolytes in batteries is that lithium metal anodes can be used. This would
allow a significant increase in energy density at the cell level, as the theoretical capacity
of a metallic lithium anode is 3860 mAh/g. For comparison, graphite has a capacity of
360 mAh/g [34]. Metallic lithium generally tends to form dendrites, which could grow to
the cathode and thus cause an electrical short circuit. For this reason, the use of a suitable
solid electrolyte is essential to prevent dendrite growth [26]. Solid state batteries are non-
flammable, have a long life span, and can usually deliver normal performance even under
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high temperature fluctuations [34]. The choice of electrolyte usually requires trade-offs
between cycle life, operating temperature, safety, etc. Disadvantages of sulfide and oxide
electrolytes include lower ionic conductivity, higher internal resistance, and consequently
lower current. Especially the transition of the solid-solid interfaces causes problems, be-
cause high currents can only be transferred poorly. In addition, high current densities lead
to volume changes, which can damage the cell [34]. Currently, solid state batteries are
more expensive compared to batteries with liquid electrolyte. The main reason for this is
the still early development status as well as economies of scale due to the low production
capacity [26]. Solid state batteries are considered promising for further development of next
generation energy storage. The broad market introduction is estimated by experts to be
between 2025 and 2030. Mercedes-Benz and Stellantis announced plans to work with U.S.
company Factorial Energy to develop a solid-state battery for electric cars and launch it in
2027 [52]. Volkswagen AG is also going down this path and took a stake in QuantumScape
Corporation, which is also working on solid-state lithium metal batteries. QuantumScape’s
solid-state battery is expected to achieve up to 80% greater range compared to today’s
lithium-ion batteries and enable 80% capacity on a 15-min charge. The solid-state battery
will initially be used in the premium segment. Volkswagen expects a broad market launch
between 2025 and 2030 [53]. Other OEMs such as BMW and Ford are investing together in
the solid-state battery manufacturer Solid Power [54]. There also needs to be a full build-up
of processes and supply structures before there will be a broad market introduction of
the solid state battery [34]. The experts interviewed are more pessimistic about an early
market launch than the OEM announcements. In their view, too many technical details
and cost-specific aspects are still unresolved, which is why they assume only a very small
market share in 2030.

The sodium-ion battery (SIB) is a potential low-cost alternative to the lithium-ion
battery because of the wide availability of sodium [55]. The NIB works according to the
same principle as the LIB. With the difference that sodium ions are used for charge exchange
instead of lithium ions. The large ionic radius results in hindered movement of a sodium
ion compared to a lithium ion within comparable electrolytes. The sodium ions can also
damage the graphite structure at the anode [56]. For the cathode material, CATL used
prussian white for the SIBs they presented in 2021, and a porous carbon material for the
anode. The selection of these materials ensured fast movement and good storage of sodium
ions in the electrodes. As a result, the sodium-ion battery should be chargeable to 80%
within 15 min [57]. A NIB has the advantage of being completely lithium-free and the
copper current collector can be made from aluminum in the future. Another advantage
is that the cells can be produced on the same production lines as LIBs [56]. They are also
hardly sensitive to cold and retain 90% of their output at temperatures of minus 20 degrees
Celsius [58]. Furthermore, SIBs tend to be less flammable than LFP batteries, for example,
which are already regarded as particularly robust [59]. Because of their high temperature
resistance, sodium-ion cells can be packed tightly and require less cooling [58]. This enables
the use of sodium-ion batteries for cell-to-pack battery systems [57]. Currently, research
is concentrating on optimising the anode and developing new electrolytes [60]. CATL
and AMTE state the energy density of their own sodium-ion battery to be 160 Wh/kg [59].
The next generation of SIBs from CATL should enable energy densities of 200 Wh/kg [57].
The volumetric energy density ranges at 350 Wh/l [61]. Increasing life cycles was the
biggest focus in the development of SIBs a few years ago [56]. By selecting appropriate
materials, CATL states to achieve 1000 life cycles with their SIB today [57]. According to
the interviewed experts, this trend will continue and in 2030 the battery should survive
2500 charging cycles. Several sources indicate a cost advantage of the sodium-ion battery
over conventional lithium-ion batteries of 15–40%. CATL quotes a price of 35 USD/kWh
once the sodium-ion battery enters mass production [57].

To meet the future demand for energy storage systems with high energy densities and
low costs, researchers are also focusing on the lithium-sulphur battery (Li-S battery) [5]. As
with the solid-state battery, metallic lithium is used as the anode. Elemental sulphur is used
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as the cathode. The theoretically very high energy density of 2600 Wh/kg is considered
one of the main reasons why a lot of research work is invested in this cell chemistry [56].
Current prototypes achieve gravimetric energy densities of 350–400 Wh/kg [62]. The
greatest challenge in the development of Li-S batteries lies in overcoming the discrep-
ancy between theoretical and practical KPIs. Above all, the volumetric energy density of
400 Wh/L and the cycle stability of 100 cycles are not sufficient to enable use in electro-
mobility [62]. The search for a suitable organic electrolyte to improve the electrochemical
performance is in the foreground, as well as possibilities for the reduction of surplus mate-
rial. In addition, lithium uptake at the sulphur cathode causes volume expansion, which
leads to structural collapse of the electrode. Efforts to improve stability have so far only
been achieved at the expense of lifetime and energy density. The listed points are only
a part of the future challenges to bring Li-S batteries to market maturity.

The KPIs described for the different potential future battery types are shown again
in detail and with the corresponding sources in Table 2. The uncertainty of this market
can be clearly seen from the sometimes very large range of the KPIs. We thus listed all the
identified sources in the table and then also reported the input variable to the model as
“model assumption”.

Table 2. Overview of the key performance indicators (KPIs) of potential future cell chemistries
considered within this paper.

KPI Source NMC2030 LFP2030/
LMFP2030

Solid State
Battery

Sodium-Ion
Battery

Lithium-Sulfur
Battery

Gravimetric
energy
density
Wh/kg

Literature

300–350 [34] 200–250 [34] 300–450 [44] 150 [44] 400 [34]
300–370 [20] 210 [51] 400 [63] 150–160 [59] 500 [44]

325 [64] 400 [65] 160 [61] 590 [16]
343 [16] 400–420 [64] 160–200 [57]
350 [17] 433 [16]
330 [66]

Experts 380 220 380 220 500
300–360 350–500 160–200

Model
assumption 350 220 400 200 500

Volumetric
energy
density
Wh/l

Literature

750 [66] 780 [65] 190 [44] 400 [34]
800–1000 [20] 800 [44] 350 [61] 600 [44]

1000 [34] 800–1000 [34] 931 [16]
1054 [16] 900 [64]

1044 [46]

Experts 950 900 -
800–1000 >1000 360–500

Model
assumption 950 500 1000 350

Life
Cycles

Literature 1500 [66] 2500 [65] 1000 [60] 100 [34]
800–1000 [64] 1000 [59]

Experts 1500 5000 300 2500 800
– 400–800 3500

Model
assumption 1500 5000 500 3500



Batteries 2023, 9, 379 10 of 26

Table 2. Cont.

KPI Source NMC2030 LFP2030/
LMFP2030

Solid State
Battery

Sodium-Ion
Battery

Lithium-Sulfur
Battery

Cost
EUR/kWh

Literature 70–100 [34] 60 [61] 500 [34]
95 [14] 24–33 [58]

Experts 70 50–75 120–180
70–90 50–70 61–82

Model
assumption 70 60 150 50

2.3. Techno-Economic Model

In order to enable a comparison of the battery technologies on the basis of the defined
evaluation criteria of range and vehicle costs, a model is needed with the help of which
the range of a vehicle can be calculated under the influence of the battery technology to
be investigated. The calculated ranges of the vehicles can then be compared with each
other and the potential of the technologies analysed. In order to determine the influence of
the battery technologies under investigation on the total vehicle costs, the range model is
combined with a cost model. This enables a techno-economic comparison of the different
battery technologies. This allows conclusions to be drawn about the future market potential
for battery electric vehicles.

In order to take into account the influence of the battery technology, a detailed mod-
elling of the vehicle is required. This enables an investigation of the influence of different
technologies on vehicles from different segments. For this purpose, in a first step, different
vehicle models were built that are representative of the vehicle segments Small, Medium
and Large. The vehicles are based on example vehicles from the respective vehicle seg-
ments. The Renault Zoe forms the basis for the S segment, the Volkswagen ID.3 for the M
segment and the Mercedes EQS for the L segment. These example vehicles also serve as
reference vehicles for the model. Since this work is not only about an evaluation of current
technologies, but also an evaluation of future technologies, vehicle models representative
of the year 2030 are also built. These are subject to the expected improvements in vehicle-
specific parameters, such as the cw value through future aerodynamic adjustments, an
improvement in the coefficient of friction through, for example, improved tyres or efficiency
improvements of the components along the drive train. The improvements are derived
from a comparison of the Mercedes EQS and the Mercedes EQXX and transferred to the
representative vehicles for the year 2030. The data can be taken from Table 3.

Based on the technical data shown in the table, the energy consumption of the dif-
ferent vehicles within the Worldwide harmonized Light vehicles Test Procedure (WLTP)
is calculated. Since the conversion of the energy carried in the form of electrical energy
is lossy, the efficiencies of the e-motor, battery and power electronics must be considered.
The efficiencies are considered not only during acceleration of the vehicle but also during
recuperation. The efficiency of an electric drive consists of the efficiency of the battery
ηBAT , the power electronics ηPE and the electric motor ηEM and is referred to as ηA in
the following.

ηA = ηBAT + ηPE + ηEM (1)

In addition to the efficiencies of the drive components described above, the efficiency
of the transmission ηTS must be considered. The efficiencies of the drive components
assumed within this work can be found in Table 3. If all influencing factors are considered,
the correlation for the en-route energy consumption E can be represented as follows (based
on [63]):

E =

∫ 1
ηTS∗ηA

∗
[(

m ∗ fR ∗ g ∗ cos α + ρ
2 ∗ cw ∗ A ∗ v2)+ m(ei ∗ a + g ∗ sin α)

]
∗ v ∗ dt∫

v ∗ dt
(2)
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Table 3. Vehicle-specific data for the small, medium and large vehicle segment. Based on the example
vehicles Renault Zoe, Volkswagen ID.3 and Mercedes EQS [67–71]. The values for 2030 result, among
other things, from possible future developments as realised in the Mercedes EQXX [72–74].

Variable Symbol Unit Renault Zoe Volkswagen ID.3 Mercedes EQS

Vehicle power P kW 80 150 300
Vehicle mass (w/o battery) mw/o−Bat kg 1251 1440 1798
Battery weight (reference) mBAT−Re f kg 326 495 682

Battery capacity (reference) CBAT−Re f kWh 55 82 114
Battery volume VBAT l 325 369 546

Frontal area A m2 2.27 2.36 2.51

Variable Symbol Unit S-Segment M-Segment L-Segment
2022 2030 2022 2030 2022 2030

Drag coefficient cw - 0.33 0.28 0.27 0.23 0.20 0.18
Rolling resistance coefficient fR - 0.009 0.0077 0.009 0.0077 0.009 0.0077
Efficiency of electric motor ηEM - 0.95 0.98 0.95 0.98 0.95 0.98

Battery charging efficiency (AC) ηCharge - 0.95 0.99 0.95 0.99 0.95 0.99
Battery discharge efficiency ηDischarge - 0.95 0.99 0.95 0.99 0.95 0.99
Efficiency Power electronics ηPE - 0.95 0.99 0.95 0.99 0.95 0.99

Efficiency Transmission ηTS - 0.98 0.99 0.98 0.99 0.98 0.99
Overall efficiency ηA - 0.84 0.95 0.84 0.95 0.84 0.95

In this context, the term FRR = m ∗ fR ∗ g ∗ cos α describes the rolling resistance based
on the mass m and the rolling resistance coefficient fR of the vehicle as well as the gravity g
and the pitch angle α which is is set to zero, as the consumption and range calculation does
not include a gradient.

The term FAIR = ρ
2 ∗ cw ∗ A ∗ v2 describes the air resistance which is made up of

the density of the air ρ, the speed v and the vehicle-specific data, drag coefficient cw and
vehicle frontal area A.

Furthermore, the term FACC = m ∗ ei ∗ a describes the acceleration resistance based
on the vehicle mass m, the mass factor ei and the acceleration a.

The mass of the vehicle m depends on the particular cell chemistry used and its
gravimetric energy density ρCellgrav . It is assumed that the maximum possible battery
quantity is installed depending on the available installation space for the battery pack VBAT
and the different cell-to-pack (CtP) factors fCtP for the various vehicle classes. This then
results in the mass of the vehicle according to the following equation:

m = mw/o−Bat +
VBAT ∗ ρCellvol

∗ fCtPvol

ρCellgrav ∗ fCtPgrav

(3)

The cell-to-pack factor fCtP results from the quotient of the battery capacity of the refer-
ence vehicle CBAT−Re f and its weight mBAT−Re f divided by the gravimetric energy density
of the used cell chemistry ρCellgrav used (analogous with volume reference). Depending on
the different reference vehicles the gravimetric cell-to-pack factor ranges between 0.6–0.62.
Based on [75], who gives a gravimetric energy density of 140 Wh/kg at pack level for the
BYD Han, a CtP factor of 0.82 was determined for the cell-to-pack system architecture.

The battery technologies to be investigated are integrated into the existing installation
space of the vehicle model and thus influence the vehicle weight and the battery capacity
carried. Resulting in a different energy consumption and vehicle range regarding each
battery chemistry. The range s as one key performance indicator is thus calculated as a
function of the particular battery technology based on the capacity CBAT and the calculated
consumption E according to the following formula:

s =
CBAT

E
(4)
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The technical improvements in range that correlate with new battery technologies
are usually offset by increased costs that delay or prevent a broad market introduction.
For this reason, a cost analysis is carried out in addition to the range determination. In
addition to the costs of the individual components, a bottom-up cost model is created that
enables a cost comparison of the technologies used at the overall vehicle level. Vehicles
from the segments small, medium and large as well as example vehicles for the year 2030
are considered. The costs for the entire vehicle KGES are made up of the costs for the vehicle
excluding the battery KVEH and the costs for the battery KBAT .

KGES = KVEH + KBAT (5)

The costs for the vehicle KVEH consist of the costs for the “rest of vehicle” KREST , the
costs for the power electronics KPE, the costs for the charger KCH and the costs for the
electric motor. The costs for the electric motor depend on the motor type kEM and the
power of the vehicle pkW . The exact composition of the individual components is listed in
Table 4. The contribution margin DBVEH and the margins for the manufacturer MOEM and
the dealer MD are also considered.

KVEH = (KREST + KCH + KPE + (pkW ∗ kEM)) ∗ (1 + DBVEH) ∗ (1 + MOEM) ∗ (1 + MD) (6)

The costs for the battery KBAT result from the total battery capacity of the vehicle CBAT ,
the costs of the installed cell kCell,Z and the cell-to-pack cost ratio rCtP. This ratio is needed
to simplify the bottom-up calculation in order to infer from the cell costs to the pack costs
of a battery and is set to 1.34 according to recent evaluations by BloombergNEF [76]. The
battery pack includes the thermal management, the housing for modules and pack, the
battery management system and wiring.

KBAT = (CBAT ∗ kCell,Z ∗ rCtP) ∗ (1 + DBBAT) ∗ (1 + MOEM) ∗ (1 + MD) (7)

In addition, the margins for the OEM and the dealer as well as the contribution margin
DBBAT are also considered when calculating the battery costs. The same margins are
assumed for the battery production as for the vehicle costs. Subsequently, the current VAT
is also considered in order to conclude the sales price of the vehicle KPrice−Vehicle.

KPrice−Vehicle = KGES ∗ (1 + VAT) (8)

Table 4. Relevant input data of the cost model.

Component S-Segment M-Segment L-Segment Source

Battery pack Depending on used cell chemistry Tables 1 and 2
Charger 381 EUR [77]

Electric motor
PSM: 6.31 EUR/kW
ASM: 5.14 EUR/kW [73]
SSM: 5.32 EUR/kW

Power electronics 323 EUR 760 EUR 1235 EUR [77]
Rest of Vehicle 7506 EUR 13,687 EUR 26,115 EUR [77]

Contribution margin 20% 20% 20% [77]
OEM Margin 5% 10% 15% [77]

Dealer Margin 15% 15% 15% [77]

3. Results

The presented model offers the possibility to evaluate different technologies with
regard to their potentials by calculating and comparing the ranges of vehicles under
the influence of the respective cell chemistries. This chapter describes the validation of
the model. Furthermore, the results of the investigation of the influence of the battery
technologies presented in Section 2.1 on the range and costs of a vehicle are presented. In
addition, the influence of the overall efficiency of the powertrain of a BEV and the influence
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of an improvement of the cell-to-pack factor on the consumption and the range of a vehicle
are examined.

3.1. Model Validation

Validation of the model is the basis for obtaining valid and reliable results when
comparing two vehicles. The model is validated with regard to the three reference vehicles
and their fuel consumption and range in the WLTP cycle as well as their list prices. The
results of the model validation are shown in the following Table 5.

Table 5. Results and comparison of the calculated reference vehicles with the actual vehicle
data [67,68,78].

Property Unit Segment S
(Renault Zoe)

Segment M
(VW ID3)

Segment L
(Mercedes EQS)

Cell chemistry NMC-721 NMC-721 NMC-811
Gross battery capacity kWh 55 82 114

Calculated consumption kWh/100 km 16.3 16.3 17.6
WLTP consumption kWh/100 km 17.2 15.7 16.1

Deviation −5% 4% 9%
Calculated range km 336 497 644

WLTP range km 395 525 768
Deviation −15% −5% −16%

Assumed cost of battery cell EUR/kWh 95 95 90
Calculated cost of battery EUR 7001 10,439 13,728

Calculated sales price vehicle EUR 27,969 48,923 83,376
List price vehicle EUR 31,990 42,460 107,326

Deviation −13% 15% −22%

Deviations in the calculated energy consumption compared to the actual vehicle data
may occur due to different efficiencies of the drive components in the reference vehicles.
In order not to go beyond the scope of the model, the same efficiency levels of the drive
components were assumed for all calculations (see Table 3). However, it can be assumed
that the components of a Mercedes EQS have a higher efficiency than the components of
a Renault Zoe. This could be the reason why the consumption of the EQS in the calculations
is higher compared to the real energy consumption. Differences in range can partly be
explained by the test procedure used. Whereas in this study the range is determined using
the calculated energy consumption, the manufacturer determine the range in a modified
form. After two WLTP cycles and two city cycles, a constant speed of 100 km/h is specified.
This procedure has a positive effect on BEVs with high battery capacity, as the constant
speed lasts longer for these vehicles and they consume less energy [79]. For this reason,
the range calculated by the model is slightly below the value determined by the real test
procedure. The deviations in the total vehicle costs can be explained by the fact that
the costs of the various vehicle components are based on data in which average values
are calculated for each component across the various segments. Even if the comparison
between the model results and the real values shows slight deviations, the model does
allow qualitative statements to be made about the different battery technologies within the
different segments.

3.2. Comparison of Current Cell Chemistries

Figure 2 shows that also in the small vehicle segment long ranges of over 300 km
are possible with high-nickel batteries compared to LFP batteries. The reason for this is
the increased gravimetric and volumetric energy density that high-nickel batteries have.
However NMC batteries are more expensive than LFP batteries, which is reflected in the
total cost of a vehicle. The costs amount to about 22,000 EUR for a vehicle with LFP battery
and a range of 223 km. A vehicle with NMC batteries costs about 26,800 EUR to 28,300 EUR
with a range of 208 km (with NMC111 chemistry) and 360 km (with NMC811). Compared
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to the NMC721 chemistry that was used in the reference vehicle Renault Zoe it would
be possible to reduce the price up to 21% if LFP batteries would be used. The range,
which would then be about a third lower, could be compensated for by using cell-to-pack
technology. If comparable cells such as the blade cells of the BYD Han were used for the
vehicle, the range would only be reduced by 20%, under the defined boundary conditions,
with a subsequent price reduction of more than 16%.
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Figure 2. Comparison of the influence of different cell chemistries on the vehicle price and the
calculated range of a vehicle in the small vehicle segment.

The same trend can be observed in the M and L segments and the results are shown
in Figures A7 and A8 in the Appendix B. With cell-to-pack technology, ranges of almost
400 km can be achieved in the M segment when using LFP cells. Without cell-to-pack
technology, the vehicles would achieve around 16% less range. The NMC-811 battery as
well as the NCA battery enable long ranges of more than 500 km, but increase the vehicle
price to 48–50 thousand EUR. Vehicles with LFP batteries are about 20% less expensive.
Due to an even longer wheelbase an increased battery volume can be build into a vehicle
of the large segment resulting in possible ranges of nearly 640 km as realized with the
Mercedes EQS. If LFP batteries are used, the range would drop to 400 km or 475 km with
cell-to-pack technology.

3.3. Comparison of Future Cell Chemistries

If the potential vehicles and technologies of the year 2030 are considered and com-
pared, then additional cell chemistries could become relevant to the market. The NMC2030
battery is representative of the next technological step of the NMC battery. A vehicle in the
S segment equipped with this battery and with the efficiency technologies considered as
shown in Table 3, could achieve a range of around 600 km as shown in Figure 3. Only vehi-
cles with the solid-state battery would achieve similar ranges. For comparison, a current
NMC-811 battery is also considered here. A vehicle in the S segment equipped with this
battery would reach 450 km in 2030. This would be about 150 km less range than vehicles
equipped with the NMC2030 battery, but still about 90 km more range than compared
to current vehicles (see Figure 2). The reason for this is the lower assumed efficiency of
the drive components and the associated lower energy consumption. With the solid-state
battery, due to the higher assumed cell costs, the vehicle price would increase to around
41,000 EUR and thus cost around 14,000 EUR more than a vehicle with an NMC2030 battery.
By using LFP or sodium-ion batteries, the price for a S-segment vehicle could be reduced to
less than 22,000 EUR and less than 19,000 EUR, respectively, and would thus be in the range
of current conventional combustion vehicles. This price reduction makes the use of the
lower-cost cells attractive in the small car segment. While still providing acceptable ranges.
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For the LFP and sodium-ion batteries shown, the cell-to-pack technology was applied, as
it can be assumed that this technology will establish itself on the market in the next few
years, especially as these cell technologies are predestined for use in CTP configurations
due to the high level of safety they induce. Vehicles with a lithium-sulphur battery would
achieve similar range values as vehicles with the solid-state battery or the NMC2030 battery.
However, the price for a vehicle would increase so much due to the currently high assumed
cell costs that it would not be suitable for use and is therefore no longer considered within
this work.
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Figure 3. Comparison of the influence of potential future cell chemistries on the vehicle price and the
calculated range of a vehicle in the small vehicle segment.

Figure 4 shows the supposed influence of cell chemistries on vehicles in the M-segment
in 2030. With cell-to-pack technology, vehicles with LFP or sodium-ion batteries could
achieve ranges of 567 km and 410 km, respectively. These ranges are partly due to the
low consumption of the vehicles in 2030, which is assumed in this model due to the
high efficiencies shown in Table 3. A medium sized vehicle with a LFP battery thus has
a consumption of 12.7 kWh/100km with a battery capacity of 73 kWh, which would be
achievable with the cell-to-pack technology. The price would not rise above 40,000 EUR.
Vehicles with future high-nickel batteries or with solid-state batteries could achieve ranges
of over 850 km. Which is around 30% more than the range that would be possible with
a current NMC811 battery. Vehicles with a solid-state battery could achieve a range of
937 km. Bbut with a cost assumption of 150 EUR/kWh as stated in Section 2.2, the price of
the vehicle would increase to nearly 70,000 EUR. This is over 50% more than a vehicle with
a NMC2030 battery, which would also allow ranges of over 850 km.
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Figure 4. Comparison of the influence of potential future cell chemistries on the vehicle price and the
calculated range of a vehicle in the medium vehicle segment.

In the L-segment in 2030, a range of over 1000 km can be expected with high-nickel or
solid-state batteries. The price for the entire vehicle would be around 80,000 to just under
110,000 EUR as shown in Figure A9 in the Appendix B. Vehicles with LFP batteries or
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sodium-ion batteries would also be a cost-effective alternative at 60,000 to 70,000 EUR, but
would have a range of 697 km or 495 km, which is about 50% less. In addition, LFP batteries
have a negative impact on the battery weight of a vehicle due to their lower gravimetric
energy density. If you would include an LFP battery with the same battery capacity as the
atual EQS to get the same range, the LFP batteries would then weight more than 1000 kg.
This would cause increased consumption and thus have a negative impact on the associated
performance of the vehicle. In addition, OEMs would have to consider the impact on the
overall vehicle weight. With a LFP battery and unchanged performance parameters, the
EQS from Mercedes-Benz would have a total weight of around 3000 kg and would thus
almost reach the limit of the permissible total weight of a passenger car of 3500 kg.

4. Discussion

The model shows the strengths and weaknesses of different, current and future cell
chemistries on a total vehicle level with respect to the energy consumption, range and price
of the vehicle. It can be seen that several battery technologies have the potential to gain
market share in the growing battery market for BEVs.

It should be noted that the structure of the vehicles in the various segments has
been based on reference vehicles. However, since not every vehicle is identical and has
different vehicle-specific parameters, the model cannot be transferred directly to every
vehicle. Assumptions were also made that are necessary for better comparison of the
cell chemistries, but make it difficult to draw exact conclusions. For example, the same
efficiency per drive component was assumed for each vehicle. In addition, the KPIs of the
cell chemistries can deviate from the assumed values in reality.

4.1. Model Outputs

For current vehicles, high-nickel batteries are advantageous due to their high gravimet-
ric and volumetric energy density, in terms of vehicle range. However, with LFP batteries,
the cost of vehicles can be greatly reduced in some cases. Especially in the small vehicle
segment, the use of LFP in batteries is conceivable, since small vehicles tend to be used
in urban traffic and high ranges are of less importance. In addition, s-segment vehicles
are mostly volume vehicles or serve as entry-level vehicles for which a low price is crucial.
In the large vehicle segment, the model delivers comparable results as the studies in the
s-segment. However, high ranges are of greater importance in that vehicle segment. In
addition, other negative characteristics of the LFP battery such as the reduced performance
at low temperatures and the possible additional vehicle weight and the resulting lower
sportiness are more critical in this segment, which is why high nickel batteries are more
likely to be used in upper and luxury class vehicles, where low costs are less of a concern.
In the M segment, the focus could be on either high range or low cost, depending on the
configuration or vehicle variant.

Under the assumed improvements for vehicles in 2030, energy consumption decreases,
reducing the need to install ever larger batteries in vehicles. Future vehicles in all segments
could also achieve high ranges with LFP batteries, especially if they focus on cell-to-
pack technologies keeping vehicle prices low. With high-nickel batteries, ranges in the
1000 km range are realistic. With the assumptions made regarding the solid-state battery,
only slightly longer ranges can be expected than for vehicles with high-nickel batteries.
Moreover, vehicle prices would be higher due to the higher cell costs assumed. However, it
is not yet possible to predict which KPIs can be achieved when the solid-state battery is
introduced to the market. Furthermore, the results of the work raise the question of whether
there is a need for a solid-state battery. Given the next development steps of high-nickel
batteries, very long ranges in combination with presumably low overall consumption are
possible. Then the solid-state battery could possibly only compete on the basis of increased
safety and the presumably lower battery weight.
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4.2. Expert Estimates and Strategies of Automotive Manufacturers

The experts interviewed see the majority of the battery market for BEVs in 2030
divided into high-nickel batteries and LFP batteries. LFP batteries are an attractive battery
for OEMs due to their low cost, high safety and good environmental performance, especially
in the entry and volume segments. This is also shown by the strategies of automotive
manufacturers. In addition to Volkswagen AG and Tesla, Mercedes Benz and Stellantis
want to rely on LFP and LMFP batteries in the future [80–83]. In addition to LFP and LMFP
batteries, sodium-ion batteries would also be suitable for future low-cost vehicles due to
their similar properties. However, it is not yet possible to predict how the market share of
this type of battery will develop, as it has not yet entered the market on a significant scale.
High-nickel batteries will continue to be used by many OEMs due to their high energy
density. The study has shown that the assumed development steps of the battery and
the vehicle can enable ranges of over 1000 km in some cases. In addition, they currently
offer the best price/performance ratio thanks to scaling effects and the trend towards
reducing the cobalt and magnesium content. Due to the higher costs and the only slightly
higher energy densities than future high-nickel batteries, the experts interviewed forecast
that the market share of solid-state batteries will only be around 1–2% in 2030. However,
the analysis in Section 2.2 showed that many OEMs are still intensively involved in the
development of solid-state batteries.

Automotive manufacturers rely on different battery technologies depending on the
vehicle segment. This is also shown in Figure 5 which summarizes different press releases
and strategy papers of OEMs on their plans for future battery technologies. In the future, the
market will probably be divided into further developments of existing high-nickel and LFP
or LMFP chemistries, but also include market shares of solid-state and sodium-ion batteries.

Figure 5. Strategies of automotive manufacturers regarding different battery chemistries for future
battery electric passenger vehicles based on press releases and strategy papers. Illustrated on their
share of the German passenger car market [6,7,12,80–84].

5. Conclusions

The share of battery-electric vehicles will increase steadily in the coming decades
due to political requirements. In order to win a share of the passenger car market in the
future, or avoid losing it to the competition, automotive manufacturers must meet the main
customer requirements for battery electric vehicles. These include low prices, long ranges
and lifetime as well as the possibility of fast charging. At this point the battery plays the
most significant role within the vehicle. This paper provides an overview of current and
possible future battery technologies for passenger cars and analyses them from a technical
and economic point of view.

In order to identify important, current and future battery technologies in passenger
car applications, the focus was placed on current technical literature and publications from
recent years. Based on this, the most important performance parameters were determined
and verified and supplemented by experts from research and industry. In terms of bat-
teries, so far only the lithium-ion battery meets the requirements of a BEV. In addition to
current Li-ion cell chemistries such as NMC, NCA and LFP, other possible future battery
technologies were analysed, including the solid state battery, the sodium-ion battery and
the sulphur battery.
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To analyse the different battery chemistries, a model was developed in the course of
the work to evaluate the technologies at the overall vehicle level. The model examines the
influence of vehicle-specific parameters such as vehicle weight, aerodynamics and efficiency
of the powertrain components on overall energy consumption and range. Furthermore,
a bottom-up cost calculation is included which provides conclusions on the economic
viability of the different types of battery technologies. In this way, the model shows the
potential that lies in future developments within the battery, but also in the components
of the entire vehicle. Future developments in the KPIs can be continuously adjusted and
provide information about the influence on costs, consumption and range.

The most important finding here is that different battery technologies are available to
vehicle manufacturers based on the vehicle segment. Depending on whether the focus of
the vehicle is on cost or range or performance, different battery technologies can be used. In
all likelihood, the LFP or LMFP battery will be increasingly used in low-cost vehicles, while
the more expensive vehicle segments will rely on high-nickel batteries with a long range. In
addition, solid-state batteries and sodium-ion batteries will represent further alternatives
for OEMs in the future. The experts interviewed also see most market shares in 2030 for
high-nickel batteries and LFP or LMFP batteries. Likewise, the comparison of the model
results with an analysis of the battery strategies of important car manufacturers shows that
a diversification of the market for battery electric vehicles is already in full swing.
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Nomenclature
The following abbreviations are used in this manuscript:

BEV Battery Electric Vehicle
CtP Cell-to-Pack
ICEV Internal Combustion Engine Vehicle
KPI Key Performance Indicator
LFP Lithium Iron Phosphate
LIB Lithium Ion Battery
LMFP Lithium Manganese Iron Phosphate
LMO Lithium Manganese Oxide
MRL Market Readiness Level
NCA Lithium Nickel Cobalt Aluminium Oxide
NMC Lithium Nickel Manganese Cobalt Oxide
OEM Original Equipment Manufacturer
SIB Sodium-Ion Battery
TRL Technology Readiness Level
WLTP Worldwide Harmonized Light Vehicles Test Procedure

Appendix A

The following pictures show the questionnaire on the basis of which the expert inter-
views took place.
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NMC - Battery 

Expert question 1: NMC (nickel-manganese-cobalt) is currently the most widely used cathode 

material in batteries for electric vehicles (BEVs). How do you estimate the current NMC batter-

ies in terms of energy density at cell level and their life cycles? (current 2022) 

 Vol. energy density 

[Wh/l] 

Grav. Energy den-

sity [Wh/kg] 

Life Cycles 

(80% capacity) 

NMC-111    

NMC-532    

NMC-622    

NMC-811    
 

 Rather 

uncertain 
   Very 

safe 

      

 1 2 3 4 5 

Confidence level data:   ☐ ☐ ☐ ☐ ☐ 

 

Expert question 2: The trend continues to move toward a higher nickel content at the expense 

of the cobalt or manganese content. What are the next development stages for the NMC battery? 

 

Expert question 3: What performance data could future cell-level NMC batteries realistically 

achieve by 2030? 

 Vol. energy density 

[Wh/l] 

Grav. Energy den-

sity [Wh/kg] 

Life Cycles 

(80% capacity) 

NMC2030    

 

Expert question 4: How do you estimate the market prices [€/kWh] at cell level of NMC batter-

ies for use in passenger cars currently (2022) and in the future (2030)? 

 

 Cost [€/kWh] Cost 2030 [€/kWh] 

NMC-111   

NMC-532   

NMC-622   

NMC-811   

NMC-"XXX"   
 

 Rather 

uncertain 
   Very 

safe 

      

 1 2 3 4 5 

Confidence level data:   ☐ ☐ ☐ ☐ ☐ 

 

Figure A1. The first page of the questionnaire.

 

 

 

Expert question 5: Production costs for batteries have fallen significantly in recent years due to 

technological progress and economies of scale. Which price components of the NMC battery 

could be further reduced in the next five years? 

 

 

LFP batteries 

Expert question 6: The Chinese market is currently dominated by LFP (lithium iron phosphate) 

as the cathode material. Now Daimler and VW, among others, have announced that they will 

also use LFP in batteries for their volume segment.   

How do you assess the current and future energy densities at cell level and the life cycles for  

LFP batteries? 

 

LFP Vol. energy density 

[Wh/l] 

Grav. Energy den-

sity [Wh/kg] 

Life Cycles 

(80% capacity) 

LFP    

LFP2030    

 

 Rather 

uncertain 
   Very 

safe 

      

 1 2 3 4 5 

Confidence level data:   ☐ ☐ ☐ ☐ ☐ 

 

Expert question 7: How do you estimate the current price of LFP batteries per kWh at cell 

level?  

 

 
 Rather 

uncertain 
   Very 

safe 

      

 1 2 3 4 5 

Confidence level data:   ☐ ☐ ☐ ☐ ☐ 

 

Expert question 8: How do you estimate the price of LFP batteries per kWh at cell level for the 

year 2030? 

 

 

 

Figure A2. The second page of the questionnaire.



Batteries 2023, 9, 379 20 of 26

 

 

 

NCA, LTO 

Expert question 9: What is your current (2022) estimate of the energy densities and life cycles of 

the following cell chemistries? 

 Vol. energy density 

[Wh/l] 

Grav. Energy den-

sity [Wh/kg] 

Life Cycles 

(80% capacity) 

NCA    

LTO    

 

 Rather 

uncertain 
   Very 

safe 

      

 1 2 3 4 5 

Confidence level data:   ☐ ☐ ☐ ☐ ☐ 

 

Expert question 10: Do you currently see other relevant cell chemistry(s) in the electromobility 

market? If yes, which ones? 

 

Expert question 11: How do you estimate the market prices [€/kWh] at cell level of the follow-

ing cell chemistries for use in passenger cars currently (2022) and in the future (2030)? 

 

 Cost [€/kWh] Cost 2030 [€/kWh] 

NCA   

LTO   

   

 

 

  

 

Figure A3. The third page of the questionnaire.

 

 

 

Solid state battery 

Expert question 12: The solid-state battery is seen as the next big gamechanger in electromobil-

ity. Manufacturers are already reporting energy densities of over 350 Wh/kg or 800 Wh/l, de-

pending on the electrolyte and thus also the anode material.  

 What is your assessment of the energy density at cell level and the life cycles of today's solid-

state batteries? 

 

 Vol. energy density 

[Wh/l] 

Grav. Energy den-

sity [Wh/kg] 

Life cycles (80%) 

Solid state battery    

 

 Rather 

uncertain 
   Very 

safe 

      

 1 2 3 4 5 

Confidence level data:   ☐ ☐ ☐ ☐ ☐ 

 

Expert question 13: When and in which design can the broad market launch of the solid-state 

battery be expected?  

 

Expert question 14: In your opinion, which system or design of solid-state battery has the great-

est potential? 

 

Expert question 15: Where do you see the biggest challenges in the development of the solid-

state battery?  

 

Expert question 16: How do you estimate the price of solid-state batteries at broad market in-

troduction per kWh at cell level for the year 2030? 

 

 

 

 

 

Figure A4. The fourth page of the questionnaire.
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Future cell chemistry(s) 

Expert question 17: Which cell chemistries (NMC, LFP, NCA, LTO) do you no longer see on the 

market in 2030? Why? 

 

Expert question 18: When and whether can the following cell chemistries be expected to be 

launched on the market in electromobility? 

 

Cell Chemistry 2025 2030 2035 never 

Sodium ions ☐ ☐ ☐ ☐ 

Lithium sulfur ☐ ☐ ☐ ☐ 

Lithium air ☐ ☐ ☐ ☐ 

Sodium Sulfur ☐ ☐ ☐ ☐ 

Zinc ions ☐ ☐ ☐ ☐ 

 

Expert question 19: Do you see any other cell chemistries that could be relevant for passenger 

car applications in 2030? If yes, which ones? When do you expect these to come onto the mar-

ket? 

 

Expert question 20: Below you can see two cell chemistries that could be used in future battery 

cells in electromobility. How do you estimate the technical data at cell level for the year 2030?  

 

 Vol. energy density 

[Wh/l] 

Grav. Energy den-

sity [Wh/kg] 

Life Cycles 

(80% capacity) 

Sodium ions2030    

Lithium sulfur2030    

    

 

Expert question 21: Which cell chemistry(s) do you think will dominate in passenger car appli-

cations in 2030? Which cell chemistry has the greatest potential? 

 

 

  

 

 

 

Figure A5. The fifth page of the questionnaire.

 

 

 

Anode material 

Expert question 22: Graphite is currently mostly used as anode. In the future, graphite-silicon 

composites and solid lithium anodes will probably also come onto the market.  

Do you see any other anode materials on the current or future passenger car market?  

 

Expert question 23: In your opinion, could LTO (lithium titanate oxide) as anode material have 

potential for passenger car applications in the future?  

 

Cell formats and battery systems 

Expert question 24: In your opinion, which cell format has the greatest potential for passenger 

car applications? Why? 

 In your estimation, will one cell format dominate the future passenger car market? 

 

Expert question 25: What risks / problems do you currently see with battery systems for BEVs? 

 

Expert question 26: How high do you estimate the costs of a battery system? (Cells excluded)  

 

Expert question 27: Cell-to-Pack factors indicate the difference between the energy densities of 

the cell level and the system level. In which "range" do you see cell-to-pack factors for different 

cell chemistries? 

 

 

 

Thank you for your time! 

 

 

 

 

 

 

Figure A6. The sixth page of the questionnaire.
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Appendix B

Appendix B.1

Figures A7 and A8 show the comparison of the model results for medium and large
vehicles with respect to different current cell chemistries.
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Figure A7. Comparison of the influence of different cell chemistries on thevehicle price and the
calculated range of a vehicle in the medium vehicle segment.
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Figure A8. Comparison of the influence of different cell chemistries on the vehicle price and the
calculated range of a vehicle in the large vehicle segment.

Appendix B.2

Figure A9 shows the comparison of the model results for large vehicles with respect to
potential future cell chemistries.
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Figure A9. Comparison of the influence of potential future cell chemistries on the vehicle price and
the calculated range of a vehicle in the large vehicle segment.
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