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Passenger vehicle fleets must incorporate more battery electric vehicles to achieve climate neutrality goals.
With the need for affordable electric vehicles to lower barriers to customer adoption, innovations in battery
technology are necessary. Sodium-ion batteries (SIBs) represent an emerging technology offering potential
advantages, particularly regarding battery cost reduction. Therefore, this study conducts a techno-economic
analysis of SIBs in electric vehicles. For this purpose, a vehicle simulation was developed and supplemented
with a cost model. Results show that SIBs demonstrate the lowest cost per kilometer compared to NMC and
LFP battery chemistries, with up to 21.8 % lower costs per kilometer when switching from NMC to SIB. While
vehicles with SIBs exhibit slightly lower maximum ranges than reference batteries, this difference is small.
Results additionally demonstrate that implementing maximum battery capacity in the SIB configuration proves
economically advantageous. This economic advantage is particularly pronounced when low-cost home charging
options are available. The main disadvantage of SIB equipped electric vehicles lies in packaging constraints
due to lower volumetric energy density, which limits the feasibility of vehicles with high battery capacities.
According to the analysis framework, therefore, only electric vehicles with a battery capacity up to 59kWh
can be realized. Sensitivity analysis of SIB cell properties reveals the small influence of gravimetric energy
density and the significant impact of specific battery costs on cost per kilometer. A comparative analysis of
electric vehicles with low battery capacity using NMC and LFP cell chemistries versus maximum utilization of
SIB capacity demonstrates that SIBs achieve lower costs per kilometer while enabling higher maximum range,
thus presenting a promising alternative to lithium-ion batteries. A comparative analysis of electric vehicles
with low battery capacity using NMC and LFP cell chemistries versus maximum utilization of SIB capacity
demonstrates that SIBs achieve 1€/100km lower costs per kilometer while enabling 64 km higher maximum
range than NMC, thus presenting a promising alternative to lithium-ion batteries.

1. Introduction

In the Paris Agreement, the European Union (EU) committed to
meeting the ambitious target of climate neutrality by 2050 to keep
global warming below 2 °C and pursuing efforts to limit it to 1.5°C [1,
2]. This implies climate-neutral transport by 2050, whereby transporta-
tion responsible for approximately one-quarter of the EU’s energy-
related greenhouse gas emissions is [1,3,4]. Stricter legislative re-
quirements are being imposed to achieve the climate targets in the
transport sector. These include, among others, the new Euro 7 emission
standard for light- and heavy-duty vehicles in the EU, which aims
to further reduce pollutant emissions from road transport [5,6]. The
Euro 7 emission standard introduces new type-approval regulations,
including stricter requirements than Euro 6, thereby creating additional
incentives for original equipment manufacturers (OEMs) to transition

towards BEVs. For the first time, Euro 7 also establishes specific re-
quirements for BEVs, considering the battery lifetime and state of
health (SOH) indicators, making battery systems subject to increased
legislative examination. Moreover, Euro 7 is regarded as the final step
in the transition towards zero-emission vehicles, emphasizing the sig-
nificance of BEVs and the continued need for research in this field [7].
Additionally, fleet emission limits and associated penalty payments for
exceeding these limits provide further incentives for OEMs to advance
BEV development [8].

The elevated investment of BEVs present a significant barrier to
BEVs adoption [9]. Following Konig et al. [10] and Kumar and Alok
[11], the acquisition price remains an important factor in purchasing
decisions. Reducing investment costs increases customer acceptance
and willingness to buy BEVs. Hereby, the battery system represents
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the core element of electric vehicles, requiring particular attention in
research and development [12]. Furthermore, vehicle range constitutes
another crucial purchasing criterion [11]. According to Pamidimukkala
et al. [9], while environmental friendliness and carbon dioxide emis-
sions represent relevant factors for many customers, they play a sub-
ordinate role compared to purchase price. Therefore, it is essential
for OEMs during the early development phase to target the decisive
vehicle segments for their customer base and be aware of customer
expectations regarding electric vehicles. LIBs are the dominant energy
storage technology for BEVs due to their beneficial electrochemical
storage properties [13]. However, this technology faces significant
challenges, including cost-intensive raw materials with environmen-
tally harmful extraction processes, potential lithium supply bottlenecks,
and geopolitical dependencies in supply chains [14-16]. SIBs currently
represent a heavily researched and promising alternative to LIBs [17-
21]. The advantages of SIBs include environmental friendliness due to
fewer critical raw materials, comparable electrochemical principles and
production processes to LIBs, and its lower specific cost per kWh [22].
SIBs are considered promising for BEV applications, leading major
battery manufacturers like CATL and Northvolt to focus their research
and development efforts on this technology [23,24]. Also, Chinese
electric vehicle manufacturers have already presented SIB-powered
BEV concepts [25-27].

Therefore, SIBs demonstrate significant potential for deployment
in electric vehicle applications. This provides the key motivation for
this study, which aims to identify the ideal battery cell technology for
electric vehicles based on economic efficiency. This analysis enables the
determination of specific use-cases where SIBs offer the most promising
implementation opportunities. In the following, battery cell technology
assessments regarding vehicle-level properties are reviewed to establish
this study’s analytical framework.

Teichert et al. [28] and Schneider et al. [29,30] analyzed the im-
plications of LIB cells for battery electric truck (BET) applications. Te-
ichert et al. [28] demonstrate the techno-economic selection of LIB
cells for battery-electric long-haul trucks. Their method determines
the required cell price to achieve cost parity with diesel trucks based
on cell datasheet characteristics. Schneider et al. [29] evaluate the
choice of battery size and chemistry regarding feasibility and cost-
effectiveness for BETs using NMC and LFP battery cell chemistries.
Furthermore, Schneider et al. [30] analyze the influence of LIB size and
cell chemistry on the life-cycle carbon emissions of BETs. These studies
focus on a different application case than targeted in the present study.
However, they establish valuable analytical frameworks for assessing
battery cell properties at the vehicle level.

Link et al. [31] present a high-level techno-economic framework
for LIB cell selection based on cost parity pricing for mobile ap-
plications, including electric vehicles. Their results demonstrate that
cell chemistries, rather than cell formats, are decisive for determining
the most suitable applications. Additionally, their findings empha-
size the importance of tailored cell selection strategies for decision-
makers to optimize performance and cost-effectiveness across different
applications.

Rudola et al. [22] analyzed the opportunities in the application
of SIBs on BEVs. Their analysis addresses raw material prices, energy
densities, and cycle lives of SIBs while examining their influence on
the driving range. The study compares NMC, nickel cobalt aluminum
oxide (NCA), LFP, and SIB technologies for electric vehicle applications.
Results indicate that SIBs show similarities to LFP cell chemistry. A
transition from LFP to SIB is expected to yield up to 19% savings in
electric vehicle battery pack costs. When switching from LFP batteries
to SIBs in electric vehicles, the maximum driving ranges are projected
to be similar or slightly inferior to LFP. The study concludes that con-
sidering SIB chemistries’ sustainability and cost advantages compared
to LFP-based batteries, SIB-based electric vehicles show strong potential
for moderate- range applications. While their analysis provides detailed
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Table 1

Literature overview of battery technology assessments regarding vehicle-level properties.
Assessment aspects LIB SIB
Cost parity prices [28-31] -
Influence charging prices [28,29] -
Driving ranges [22,32] [22,32]
Vehicle prices [22,32] [22,32]
Vehicle segments [32] -

insights into driving range implications, it does not address compre-
hensive economic and vehicle-related implications. Furthermore, the
study does not examine which specific vehicle segments would be most
suitable for SIB implementation.

Hasselwander et al. [32] developed a techno-economic model to
evaluate the impact of different battery technologies, including SIBs,
for BEV applications. Their research employed a bottom-up systematic
approach to assess various cell chemistries’ technical and economic
viability and their influence on vehicle range and total cost. The results
demonstrate that implementing LFP or SIBs could substantially reduce
electric vehicle costs to achieve price parity with conventional com-
bustion vehicles. Despite their lower energy densities, these chemistries
achieve acceptable driving ranges through cell-to-pack technology im-
plementation, which is particularly advantageous due to their inherent
safety characteristics. The study concludes that SIBs, similar to LFP
batteries, show strong potential for future low-cost vehicle applications
based on their comparable properties. While their analysis provides
comprehensive insights into various future cell chemistries’ effects on
vehicle prices and ranges, SIBs are not the primary focus of their
investigation. Furthermore, the study does not specifically address
the optimal use-cases for SIB implementation in electric vehicles. A
comprehensive overview of existing research regarding the implications
of battery technologies on vehicle-level properties is presented in Table
1.

As shown in the state of the art, the implications of novel battery
technologies, such as SIBs, for electric vehicles have only been partially
examined in the literature. While individual studies address certain
characteristics, holistic research quantifying and analyzing the com-
prehensive impact of SIBs on electric vehicles regarding cost-relevant
and vehicle-specific properties is still missing. Furthermore, there is no
systematic evaluation of which vehicle concepts would benefit most
from SIB technology. Also, prior research fails to consider the implica-
tions of charging prices and does not provide insights into the impact
of sensitivities of SIB characteristics. Moreover, cost parity prices for
SIBs have not yet been presented in the literature. Such comprehensive
analysis would be crucial to systematically evaluate the potential of SIB
technology for different electric vehicle segments.

Therefore, this study addresses the technological and economic
viability of SIBs as an alternative to LIBs in electric vehicle applications.
The central research question focuses on determining whether and
under which conditions SIB technology provides economic advantages
over established LIB technology across different vehicle segments. The
analysis is constrained to key battery parameters using a reference
vehicle approach. The study thus provides insights into the economic
vehicle-level effects of SIB technology adoption. Based on the research
gaps, the main contributions of this paper can be summarized as
follows:

+ Vehicle-level technology assessment

Analysis of fundamental relationships between SIB technology
and electric vehicles, focusing on battery capacity sizing, trip
ranges, and charging costs compared to LIBs.

Sensitivity analysis of cell properties on vehicle-level param-
eters

Quantification of how changes in sodium-ion cell characteris-
tics affect vehicle-level performance and specifications, enabling
evaluation of technological uncertainties in vehicle development
through detailed sensitivity studies.
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The findings of this study provide valuable insights for automotive
research and development departments to evaluate and quantify the
potential of SIBs, particularly from a cost perspective, for future electric
vehicle powertrains. The methodology enables systematic analysis of
technical feasibility and economic viability in the context of automotive
requirements and constraints.

The paper is structured as follows: Section 2 outlines the methodol-
ogy for the use-case analysis, including the simulation approach and
the developed cost model. Section 3 shows the results, focusing on
four main aspects: First, the analyzed cost-optimal relationships are
presented between cell technology, battery capacity, and trip range.
Second, the influence of home and external charging on battery-related
costs is investigated. Third, a sensitivity analysis of sodium-ion cell
properties on vehicle-relevant characteristics is conducted. Finally, the
battery cell chemistries are compared in the outlook for vehicle im-
plementation. Section 4 comprehensively discusses the findings, while
Section 5 summarizes the main conclusions and implications.

2. Method

The use-case analysis follows the methodology illustrated in Fig.
1. A complete factorial analysis initially incorporates two primary
variables: the electric vehicle’s implemented battery capacity and a
representative distance defined as a trip range. Battery capacity and trip
range represent critical vehicle engineering factors that significantly
influence the application potential of SIB in BEVs. These parameters are
inputs for the longitudinal dynamics simulation (LDS) performed for
three distinct battery cell chemistries: NMC, LFP, and SIB. Within the
LDS, a electric reference vehicle is simulated, allowing for systematic
determination of how different battery cell chemistries affect vehicle
performance parameters. The LDS is parameterized using battery cell
characteristics from an extensive literature review, with the energy
consumption results validated against empirical data. The simulation
outputs are fed into a cost model, incorporating relevant economic
parameters, including specific cell and operational costs. This cost
model enables quantitative assessment of the economic implications of
implementing SIB technology in electric vehicles. Based on the simula-
tion results and subsequent cost modeling, a systematic comparison of
the three battery cell chemistries is performed at the vehicle level, eval-
uating key metrics such as battery-related cost or the maximum vehicle
range depending on the battery chemistry. The methodology employed
is based initially on the work of Teichert et al. [28] and Schneider
et al. [29] but has been adapted specifically for BEV applications and
modified to accommodate the intended analytical approach for use-case
analysis of SIBs in BEVs.

2.1. Vehicle simulation

A LDS approach based on the work of Konig et al. [33] was
implemented to conduct the vehicle-level analysis of SIB technology.
The Volkswagen (VW) ID.3 is used as the reference vehicle for this
analysis. Its status as a mass- produced, purely electric vehicle in
the compact segment justifies this selection, making it representative
for the analytical framework [34]. The specific model variant uti-
lized in this analysis is the VW ID.3 Pro Performance from 2020.
A characteristic of this BEV is its availability with multiple battery
storage systems offering net energy contents of 45kWh, 58kWh, and
77kWh [35]. This variable battery configuration within the same vehi-
cle platform provides a foundation for analyzing the effects of varying
battery capacities on achievable driving ranges and the implications of
battery-related costs. Furthermore, the analysis accounts for packaging
constraints imposed by the reference vehicle’s battery pack dimensions,
establishing upper limits for the installable battery capacity. The ref-
erence vehicle VW ID.3 employs NMC battery cell chemistry across all
configurations [35]. The vehicle simulation framework extends beyond
this standard NMC case, including theoretical configurations with LFP
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Fig. 1. Schematic overview of the method applied for the use-case analysis of SIB
technology in BEVs.

and SIB cell chemistries. The LFP battery chemistry positions itself
between NMC and SIB technologies considering gravimetric and volu-
metric energy density [29,32]. This intermediate position enables LFP
to function as a transitional reference point in the analysis. Including
LFP also provides valuable insights for technology assessment and cell
selection, facilitating the identification of optimal use-cases for each
chemistry. NCA battery chemistry is excluded from this analysis, as its
energy density characteristics and specific costs closely parallel those of
NMC cells [32]. The key differentiating parameters between SIBs and
the analyzed LIB cells are gravimetric and volumetric energy densities
and specific battery costs [32].

The LDS provides critical outputs by simulating the effects of vary-
ing battery cell chemistry and implemented battery capacity. For each
vehicle configuration, the simulation calculates energy consumption
in kWh/100 km, which directly determines the achievable maximum
range of the vehicle. A key modeling assumption in this approach is that
battery weight, which varies based on the chosen cell chemistry and
implemented battery capacity, directly influences the simulated energy
efficiency and overall vehicle performance. Additionally, the simulation
accounts for spatial constraints within the reference vehicle, providing
information about the maximum implementable battery capacity for
each chemistry based on volumetric limitations.

Calculating vehicle configurations with varying battery capacities
and cell chemistries is conducted according to the following steps.
The vehicle mass calculations are performed using Egs. (1) and (2).
The gross vehicle weight my,,, is determined by combining the vehicle
mass without battery and the battery mass my,,.. The vehicle mass
without battery my, p,e is fixed at 1462kg [33]. The battery mass is
calculated for each increment of battery capacity Ey,, incorporating
cell-specific parameters, including gravimetric energy density py,, and
the gravimetric cell-to-pack factor zgop oray-

Mgy = Myo bat T Mbat €8]

E,
Mgy = ———2— @

pgrav Z(:2p,grav
The volumetric calculation of the battery pack is expressed in Eq. (3).
This calculation follows a similar approach to Eq. (2) but employs
the volumetric energy density p,, and the volumetric cell-to-pack
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factor z o, o1 The maximum available packaging space Vi, max> Which
constitutes the upper limit for battery implementation, is 289 L [35].

E
Viar = ——2— @)

Pvol Zc2p,vol

The vehicle simulation was pointwise validated using empirical
data from Wassiliadis et al. [35]. Their study analyzed the VW ID.3
Pro Performance from 2020 with a 58 kWh battery capacity. The LDS
demonstrated high accuracy, with deviations in energy consumption for
the 58 kWh NMC configuration between simulated and experimentally
determined values being less than 10% for the Worldwide harmo-
nized Light vehicles Test Procedure (WLTP) cycle. Additional validation
was performed using the Federal Test Procedure 75 (FTP75) driving
cycle, where differences between simulated and experimental energy
consumption were less than 5%.

2.2. Cost model

The cost model focuses solely on battery-related costs when compar-
ing different battery configurations. This targeted approach is justified
since the battery pack represents the only differentiating component
within the analysis scope, while all other vehicle components remain
identical. The battery-related costs Cpuelated COmprise the battery in-
vestment €osts Cpgginy, €NEIZY COStS Chap energy» and resale profit Gy ress
which is subtracted from the total costs, as shown in Eq. (4).

CBatRelated = Cbat,inv + Cbat,energy - Cbat,res (4)

The battery investment costs are determined by the battery-related
cost parameters and the implemented battery capacity Ey,, as shown in
Eq. (5). The battery-related cost parameters include the specific battery
COStS cgpec, Which differ depending on the battery cell chemistry, and a
scaling factor from cell to system level z. cy,.

Cbat,inv = Cspec Zc,c2p Epat ()

The energy costs required for operating the electric vehicle are
calculated based on normalized energy costs per kilometer Cpy epe, and
the total vehicle mileage S, according to Eq. (6). Based on the work
of Schloter [36], a total mileage of 160.000 km was defined, representing
a typical ownership period until vehicle resale. This assumed mileage
aligns with established values for passenger vehicle ownership cycles,
corresponding to approximately ten years of vehicle operation [36-38].

Cbat,energy = Cbat,ene Stot (6)

The normalized energy costs per kilometer are determined by the
energy consumption in kWh per kilometer f,.,.. This value varies with
the implemented battery capacity in the electric vehicle, as it directly
correlates with the battery weight, as shown in Eq. (2). The normalized
energy cost per kilometer also depends on the specific energy cost cpe,
a function of the trip distance Sy;,. The complete relationship between
these parameters is expressed in Eq. (7).

Cbat,ene = fcons(Ebat) cene(Strip) (7)

The specific energy cost cy varies with the trip distance Syip. Smaxr
represents the maximum range achievable with a fully charged battery
without recharging. This value is derived from vehicle simulation and
directly depends on the implemented battery capacity in the electric
vehicle. The specific energy cost corresponds to the home charging
price ¢y, for trip distances less than or equal to the maximum range.
This relationship is formally expressed in Eq. (8). For trip distances
exceeding the maximum range, external charging becomes necessary.
This charging occurs at a higher electricity price, denoted as external
charge cost cee. The proportion of kilometers driven using home
charging versus external charging is calculated based on the trip dis-
tance, as shown in Eq. (9). This calculation utilizes the share of home-
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Table 2
Cell and cost parameters used in the vehicle simulation and cost model.

Section Symbol Value Source
Moo ot 1462kg [35]
Voatmax 289L [35]
Pgrav,NMC 273 Whkg™! [29]
Pgrav,LFp 176 Whkg™! [29]
Pgrav,SIB 140Whkg™! [32]
Z¢2p,grav,NMC 0.59 [29]

Vehicle simulation Ze2p,grav,LFP 071 [29]
Zc2p,grav,SIB 0.71 a
Pyol,NMG 685 WhL™! [29]
Pyol,LFP 450 WhL-! [32]
Pyol,SIB 375WhL™! [32]
Z¢2p,vol,NMC 0.39 [29]
Zc2p,vol,LFP 0.55 [29]
Z¢2p,vol,SIB 0.55 “
St 160.000 km [36]
Fres 30% [36]
Copec,NMC 100€kWh™! [32]
Cspec LFP 80€KkWh™! [32]

Cost model cszec,SIB 50€ kWh™! [32]
Zeeas 2.07 [29]
Choc 0.37€kWh™! [41]
Cexte 0.70€kWh™! [42]

a Based on Mei et al. [39], Kim [40] and Rudola et al. [22], SIBs have similar thermal
stability properties to LFP cells. So, the same cell-to-pack factors of LFP and SIBs are
chosen.

charged energy zj,., determined by the ratio of maximum range to trip
distance, as expressed in Eq. (10).

Strip < Shaxr  Cene = Choc ®

Strip > Smax,r * Cene = Zhoc Choc T a- Zhoc) Cextc )
Smax T

Zhoe = Tg—— 10
trip

The resale profit Cy, s Tepresents the residual value of the initial
battery pack. Following Schloter [36], for a vehicle ownership period
of ten years and corresponding mileage of 160.000 km, the resale value
Fres cOrresponds to 30% of the initial investment cost of the vehicle,
as shown in Eq. (11). Since the entire electric vehicle is resold after
this period of use, the same depreciation rate is applied to the battery
component.

Cbat,res = I'res Cbat,inv an

To evaluate the battery-related trip costs per kilometer Cgy1rip
within the analysis framework, the battery-related costs are divided by
the total mileage. This normalization enables a comparative assessment
of distance-specific battery costs across the entire investigation scope,
as expressed in Eq. (12).

CBatRelated
CBat,Trip = S— (12)
tot

The system parameters employed in the vehicle simulation and cost
model are presented in Table 2. The parameters for SIBs are primarily
based on the work of Hasselwander et al. [32], as this publication
provides a detailed characterization of potential future cell chemistries,
including SIBs. Due to the absence of commercially available vehicles
with SIBs, gravimetric and volumetric cell-to-pack factors could only be
estimated theoretically. These estimations draw upon research by Mei
et al. [39], Kim [40] and Rudola et al. [22], which demonstrate that
SIBs exhibit thermal stability characteristics comparable to LFP cells.
Based on these similarities, it can be anticipated that SIBs would utilize
battery pack designs with cell-to-pack ratios similar to LFP systems.
Consequently, for this analytical framework, the cell-to-pack factors for
SIBs were assumed to be equivalent to those of LFP cells.
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3. Results

Based on the methodology described above, the following section
presents the results addressing the two proposed research questions.
Section 3.1 individually examines the cost-effectiveness of the three
battery cell chemistries, NMC, LFP, and SIB, based on battery capac-
ity and trip range. Building on these findings, Section 3.2 analyzes
the interrelationships between these cell chemistries and shows their
comparative advantages and trade-offs. Section 3.3 investigates how
energy cost parameters influence the overall cost analysis. Section 3.4
quantifies the sensitivities of SIB cell characteristics to the vehicle-
relevant cost properties. Finally, Section 3.5 describes the challenges
and potentials of implementing SIB technology in electric vehicles
through limit value configurations.

3.1. Cost-efficiency analysis depending on the battery capacity and trip
range

This section addresses the question of which cell chemistry is most
cost-effective in terms of trip range and implemented battery capacity.
Fig. 2 presents the analysis for the reference vehicle equipped with an
NMC battery. The x-axis represents the range of theoretically imple-
mented battery capacities in the reference vehicle. The y-axis displays
trip ranges from Okm to 600km, representing round trips that begin
and end at a home charging source. The legend represents the battery-
related trip costs in € per 100km. So, the battery-related costs for trip
ranges are shown depending on the battery capacity implemented in
the reference vehicle.

As evident in Fig. 2, the maximum range, depicted by a white line,
increases proportionally with the battery capacity implemented in the
electric vehicle. This line divides the figure into two regions: the area
below represents trips without recharging, while in the area above,
recharging becomes necessary to achieve desired trip distances. The
region below the maximum range line demonstrates a linear increase in
battery-related trip costs with increasing battery capacity. This correla-
tion can be attributed to two factors that increase with battery capacity
in the reference vehicle: consumption due to increased battery weight
and investment costs due to the requirement for additional battery
cells. This relationship becomes apparent as an increase in battery-
related trip costs per kilometer. Beyond the maximum range line, the
proportion of external charging required to achieve the trip range must
be considered. As shown in Table 2, the external charge has higher
costs, resulting in an observable cost increase per kilometer for each
battery capacity as the trip range increases. This creates a trade-off be-
tween accepting higher recharging costs or increasing battery capacity
to extend the maximum range. The highest battery-related costs per
kilometer occur in the upper-right area with high battery capacities at
extended trip ranges. The most cost-efficient configurations are found
at lower battery capacities and trip ranges up to the maximum range
line.

The contour lines in Fig. 2 exhibit a downward trend in the upper
area where recharging occurs, indicating increasing trip costs with
higher battery capacities. This trend emerges because investment costs
exceed external charging costs for NMC batteries. So, it proves more
cost-efficient to rely on external charging rather than implementing a
larger battery capacity. This cost behavior can be attributed to NMC
being the most expensive battery cell chemistry with high specific bat-
tery costs, which exerts a more significant influence on battery-related
trip costs per kilometer than recharging costs.

Fig. 3 presents the analysis with the reference vehicle’s theoretically
implemented LFP battery cell chemistry. The maximum range of the
LFP configuration is slightly lower than in the NMC battery analysis.
Additionally, the general cost level of this analysis is lower than for
NMC batteries, as evident in the legend of Fig. 3. The general relation-
ships, however, remain comparable. Notable are the spatial constraints
beginning at 71 kWh, represented by a hatched box. These packaging
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Fig. 2. Use-Case NMC Battery: Battery-related costs per 100km by battery capacity and
trip range. Trip costs range from 13.5€/100km to 9.5€/100km.

limitations can be attributed to the lower volumetric energy density
of LFP battery cells. In the upper area, where recharging is necessary,
a downward trend in the contour lines is also observable, particularly
in trip ranges exceeding 450 km. However, this downward trend is less
pronounced than in the NMC battery case. Notably, in the upper area
between 300km and 400km, an almost horizontal progression of the
contour lines can be observed. This indicates an equilibrium between
recharging and investment costs. It has equivalent cost implications
per kilometer, whether implementing a smaller battery with a more
significant proportion of external charging or a larger battery with
minimal or no recharging due to increased maximum range. This trend
can be attributed to the lower specific battery costs of LFP compared
to NMC batteries.

Fig. 4 presents the analysis of the reference vehicle with theo-
retically implemented SIBs. The maximum range in dependence on
the battery capacity is lower than in the studies with NMC and LFP
batteries. Additionally, the cost level of trip costs per kilometer, as
shown in the legend of Fig. 4, is also lower than in both previously
examined battery configurations.

In contrast to the previously presented battery chemistries, the SIB
configuration exhibits more pronounced spatial constraints due to its
lower volumetric energy density. This lower volumetric energy density
constrains feasible configurations of the reference vehicle to battery
capacities between 45 kWh to 59 kWh, significantly limiting the solution
space to small and medium battery capacities. The contour lines in the
upper area with recharging show a slight downward trend transitioning
to horizontal progression with decreasing trip ranges between 450 km
and 650km. The region with trip ranges below 450km is particularly
interesting, where a slight upward trend in the contour lines becomes
apparent. According to the cost model, recharging costs dominate over
investment costs in this region. Therefore, in this range, it becomes
economically advantageous to implement more battery capacity in
the reference vehicle to avoid recharging, which is associated with
higher costs. This behavior can be attributed to SIB’s significantly lower
battery-specific costs than LFP and particularly NMC, resulting in lower
investment costs. At the same time, recharging maintains a dominant
influence on overall costs, leading to a slight upward trend of the
contour lines in this area.

3.2. Comparative cost representation depending on the battery capacity
The following analysis compares the previously presented

chemistry-specific results to evaluate their comparative impacts on
vehicle-related properties. Fig. 5 presents this comparison through the
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three sub-figures (a), (b), and (c), showing the battery-related costs per
100km for NMC, LFP, and SIB cell chemistries at three different battery
capacities of the reference vehicle. The battery capacities examined
are 45kWh, 58kWh, and 77kWh, representing minimum, medium,
and maximum configurations, respectively, encompassing the complete
analysis spectrum.

The difference in the achievable maximum range between the NMC
and SIB vehicle configuration in Fig. 5(a) is approximately 15km. This
slight difference can be attributed to the relatively small battery capac-
ity at 45kWh and the consequent implications on the battery weight.
The additional weight and consequently increased consumption due to
SIB cell chemistry’s lower gravimetric energy density has less impact,
given the reference vehicle’s high base weight without the battery pack.
In Fig. 5(b) the maximum range levels for all battery chemistries in-
crease. The difference between SIB and NMC configurations considering
maximum range amounts to 22km. This increased difference can be
attributed to the higher implemented battery capacity, which amplifies
the effects of gravimetric energy density differences and associated
consumption variations. For the 77 kWh battery capacity in Fig. 5(c)
the difference in maximum range between SIB and NMC amounts to
34km.

In Fig. 5(a) the reference vehicle with a SIB battery demonstrates
19.3% lower battery-related costs per kilometer than the NMC con-
figuration. In Fig. 5(b) the general cost level for all three battery

chemistries has increased compared to the minimum configuration.
In this case, the cost savings from NMC to SIB regarding cost per
kilometer amounts to 21.8%. This more significant cost difference can
be attributed to the correlation between SIB’s lower investment costs
and increased battery capacity. For the LFP configurations, the battery-
related costs and the maximum ranges fall between SIB and NMC
levels but remain closer to NMC in terms of cost level. For Fig. 5(c)
the cost per kilometer reduction from NMC to SIB reaches its highest
value with 24.2%. However, the LFP and SIB configurations exceed
the maximum battery package volume due to their lower volumetric
energy densities. Therefore, these findings remain hypothetical, as
these configurations do not represent viable configurations according to
the use-case analysis methodology. In the regions requiring recharging,
similar cost-per- kilometer proportions like for trip ranges below the
maximum range persist, though the cost differences become slightly
smaller. This reduction in cost difference occurs because SIB and LFP
configurations must utilize more expensive recharging earlier in the
driven trip range compared to the NMC configuration.

SIBs would achieve cost parity with LFP batteries in terms of costs
per kilometer at a specific battery cost of 76.5€kWh™'. This cost parity
point was determined through an iterative analysis where all parame-
ters were held constant while only varying the battery-specific costs
of the SIB until cost equivalence was reached. This lower cell price is
required due to SIB’s inferior gravimetric energy density, necessitating
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Fig. 5. Battery-related costs per kilometer for NMC, LFP and SIB cell chemistries at various battery capacities. Fig. 5(a) represents the minimum battery capacity at 45kWh, Fig.
5(b) shows the medium battery capacity at 58kWh and Fig. 5(c) depicts the maximum battery capacity at 77kWh.

compensation for increased energy consumption. Consequently, SIB
advantages are only present with a significant cell price differential
compared to LFP technology. The use-case analysis shows that SIB
must be at least 3.5€kWh™' cheaper in cell price than LFP to be com-
petitive. Otherwise, LFP battery technology demonstrates advantages
through superior range and reduced packaging space requirements due
to better gravimetric and volumetric energy density. However, the
battery-specific costs of SIBs, as assumed in Table 2, are significantly
lower than LFP.

3.3. Influence of cost differences in charging prices on trip costs

The following section examines how differences in energy prices,
specifically home and external charging, affect the analysis results.
The analysis focuses on NMC and SIB configurations. In the previous
two sections, the study utilized the home and external charging costs
depicted in Table 2. These values establish a delta between home and
external charging costs of 0.33€kWh™'. For the NMC case, this price
structure resulted in a tendency toward lower battery capacities regard-
ing trip costs per kilometer, as investment costs dominate the battery-
related costs. In the SIB case, recharging costs dominated the cost model
below 450km, making increased battery capacity advantageous from
a cost perspective. To systematically analyze the impact of varying
price differences, the reference delta is varied by +0.22€kWh™!, result-
ing in representative extreme cases of 0.11 €kWh™! and 0.55€kWh™!,
respectively.

To evaluate the plausible extreme case of high home and lower
external charging costs, Fig. 6(a) presents the results calculated with
home charging cost ¢, of 0.48€kWh™!' and external charging cost
Cexte Of 0.59€kWh™!. This reduces the cost delta to 0.11 €kWh™'. Fig.
6(a) demonstrates that both cell chemistries exhibit a steep downward

trend in the contour lines with increasing battery capacity in the trip
range region requiring recharging. This downward trend appears more
pronounced for the NMC compared to the SIB scenario. This behavior
can be attributed to investment costs dominating the cost model in
this scenario, as the difference between home and external charging
becomes less significant. Consequently, the tendency for lower trip
costs per kilometer shifts toward configurations with lower battery
capacities, with high battery capacity becoming more a comfort factor
than a cost-saving measure.

Fig. 6(b) shows the impact of low home and high external charging
costs on the use-case analysis. In this scenario, home charging costs
Choe €qual 0.26€kWh™!, and external charging costs c.y. correspond
to 0.81 €kWh™!, representing another possible extreme case. The delta
between these charging cost prices amounts to 0.55€kWh™'. Both ana-
lyzed battery cell chemistries exhibit an upward trend in contour lines
in regions requiring recharging. This increase appears less pronounced
for NMC, resulting in horizontal to slightly declining contour line
progression in high trip ranges above approximately 500 km. The sig-
nificant rise in contour lines in the recharging region for SIB indicates
that high recharging costs strongly influence the analysis results in this
case. Recharging is thus associated with high additional costs, making
it advantageous to implement a larger battery capacity in the reference
vehicle for lower trip costs per kilometer, thereby utilizing the increase
in maximum range. The case of low installed battery capacity combined
with high trip ranges results in the highest trip costs per kilometer, as
large proportions of expensive external charging relative to cheap home
charging are required for propulsion. These relationships also exist for
NMC up to trip ranges of 450 km, though less pronounced due to higher
battery investment costs, which limit the cost advantages of increasing
battery capacity.
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Fig. 6. Influences of changes in home and external charging costs on the battery-related trip costs. Hatched regions depict areas where spatial restrictions of the battery are

exceeded.

3.4. Vehicle-related effects of changes in the cell properties of sodium-ion
cells

The following section analyzes and quantifies the vehicle-related
impacts of varying SIB cell characteristics through a sensitivity analysis
presented in Fig. 7. The sensitivity analysis evaluates how changes
in cell characteristics impact overall vehicle performance and costs,
thereby quantifying the uncertainties associated with implementing
SIB cells in electric vehicle applications. The x-axis shows the the-
oretical battery capacity of the reference vehicle, while the y-axis
displays the battery-related trip costs per kilometer. The sensitivity
analysis considers only scenarios where vehicle propulsion relies on
home charging, excluding recharging. The central SIB line illustrates
how battery-related costs per kilometer for the SIB configuration evolve
across different implemented battery capacities in the reference vehicle.
Additionally, non-feasible SIB configurations are indicated by dotted
lines, as configurations above 59 kWh exceed spatial constraints due to
the lower volumetric energy density.

The gravimetric energy density of the SIB cell is varied by +10%
from the baseline value shown in Table 2. The analysis reveals that
SIB cell gravimetric energy density variations lead to a relatively minor
change in battery-related costs per kilometer of +1%. This limited
sensitivity can be attributed to changes in energy consumption due
to vehicle mass variations, whether increases or decreases, having a
comparatively small impact on overall costs per kilometer. This effect
is particularly pronounced given the high total mass of the reference
vehicle, where battery mass variations represent only marginal changes
relative to the overall vehicle mass.
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Fig. 7. Sensitivity analysis of battery cell characteristics of SIB cell on the battery-
related costs per kilometer. The battery cell characteristics comprise of SIB’s gravimetric
energy density, specific battery costs, and the volumetric energy density.

The specific battery costs of the SIB cell from Table 2 were varied
by +10%. As shown in Fig. 7, the sensitivity to specific SIB costs
demonstrates a more substantial influence in battery-related costs per
kilometer of +3.2%. This stronger correlation can be attributed to the
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direct influence of specific battery costs on battery investment costs,
directly affecting costs per kilometer. Consequently, the magnitude of
this effect is more pronounced.

The spatial constraints of the battery pack occur at battery capaci-
ties exceeding 59 kWh. This limitation is visualized in Fig. 7 through a
vertical line and dotted continuations of the cost per kilometer curves.
The volumetric energy density of SIB cells is also subjected to sensitivity
analysis, varying by +10% from the baseline value assumed in Table
2. A 10% reduction in volumetric energy density results in spatial
constraints for the reference vehicle at battery capacities exceeding
53k Wh, significantly restricting the solution space and severely limiting
feasible configurations. Conversely, a 10 % increase in SIB cell volu-
metric energy density enables configurations with battery capacities
up to 65kWh, substantially expanding the range of viable vehicle
configurations within the investigation framework.

3.5. Comparative battery assessment for vehicle implementation using limit
value considerations

This section presents limit value considerations of implemented
battery capacities to evaluate the application, limitations, and oppor-
tunities of the three considered battery chemistries in electric vehicles.
The analysis is structured in two comparative scenarios to establish
the technical boundaries. In the first case, maximum battery capacity
configurations in the reference vehicle are evaluated for each battery
chemistry, defining the upper technical limits. In the second case,
minimum LIB capacity configurations are compared against maximum
SIB configurations.

Fig. 8 compares the characteristics of reference vehicles equipped
with the maximum battery capacity configuration achievable for each
chemistry. Due to differences in volumetric energy density, the maxi-
mum feasible battery configurations under spatial battery pack restric-
tions are 77 kWh for NMC, 71 kWh for LFP, and 59 kWh for SIB. The costs
reflect home-charging for vehicle propulsion for better comparability.

The analysis reveals that NMC exhibits the highest costs, followed
by LFP, while SIB shows the lowest trip costs. The cost advantages
of LFP and SIB are due to lower battery investment costs and lower
implemented battery capacities in the respective reference vehicles.
The cost structure breakdown shows that for NMC, 55% of the costs
per kilometer are attributed to investment costs. In the case of LFP,
investment costs represent 47% of the cost per kilometer. With 31%,
the SIB configuration demonstrates significantly lower investment costs
than the other battery chemistries, reducing costs per kilometer. The
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analysis indicates that charging costs for vehicle propulsion remain
comparable across the battery chemistries due to counterbalancing
effects. The NMC configuration shows increased vehicle mass due to
higher battery capacity. In contrast, the SIB configuration exhibits sim-
ilar consumption values despite lower battery capacity due to inferior
gravimetric energy density. The LFP configuration presents interme-
diate characteristics between these extremes. These opposing factors
result in negligible differences in charging costs across the battery
configurations.

Analysis of maximum achievable ranges reveals distinct perfor-
mance characteristics between the battery chemistries, with NMC en-
abling the highest driving distances without recharging. LFP and SIB
configurations achieve maximum ranges of 49km and 128km lower
than NMC within the defined investigation framework. These findings
highlight the current limitations of SIB chemistry regarding range
capabilities and emphasize the necessity for recharging in SIB configu-
rations.

Fig. 9 illustrates the differences in cost per kilometer and maximum
range between minimal LIB battery capacity and maximum SIB config-
urations. The comparison considers a 45kWh battery capacity for NMC
and LFP, and 59 kWh for the SIB configuration. The results reveal that
NMC has higher costs per kilometer despite its lower battery capacity
than SIB. LFP also shows increased costs compared to SIB. These cost
relationships can be attributed to SIB’s lower investment costs due to
reduced specific battery costs despite its higher capacity. The charging
costs remain comparable across battery chemistries, consistent with the
findings in Fig. 8. SIB technology’s lower specific battery costs emerge
as a decisive factor in determining the overall cost per kilometer,
significantly influencing the investment costs.

Investigation of the maximum range across the battery chemistries
shows that the SIB configuration achieves the highest maximum range
of 373km due to its comparatively high implemented battery capacity
in the reference vehicle. In contrast, NMC and LFP configurations
demonstrate lower maximum ranges of 309km and 302km, respec-
tively. This relationship is particularly significant as it indicates that SIB
configurations can achieve higher maximum range and lower costs per
kilometer, representing a notable advantage over LIB configurations.

4. Discussion

This study comprehensively analyzes the impacts of the SIB technol-
ogy on vehicle-related cost and performance parameters. Our analysis
extends the existing literature by offering a structured approach to
evaluating battery technology innovations in electric vehicles while
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providing novel insights into the automotive implementation of SIB
technology.

According to Xu et al. [43], electric vehicles can be categorized into
three segments based on battery capacity: small, mid-size, and large.
The battery capacities of 45kWh, 58 kWh, and 77 kWh analyzed in this
study represent these segments, respectively. The analysis reveals that
SIB vehicles face significant spatial constraints, limiting their feasibility
primarily to small and mid-size vehicle segments within the investiga-
tion framework. However, these limitations align well with one of the
promising application areas for SIB technology: the commuter vehicle
segment. According to multiple studies, daily commuting distances
typically range from 34km to 100km for round trips [22,44,45]. These
distances correspond to the requirements of the small vehicle segment.
According to the results of this study, SIB technology has the lowest cost
per kilometer of all the battery chemistries examined in this segment.
With ranges of up to 298km for the 45kWh configuration, SIB even
exceeds the range requirements for the commuter segment. The mid-
size segment is another compelling application area for SIB technology.
Results show that SIBs are also establishing themselves as the most cost-
efficient battery cell chemistry in this segment. The mid-size segment
is considered the all-rounder segment, which the SIB configuration
addresses with a range of up to 373 km using a 59kWh configuration.
The findings indicate that implementing maximum battery capacity
in the SIB configuration proves economically advantageous. This is
because the additional investment costs from the larger battery have
less impact on total costs than external recharging across a wide range
of trip distances. This economic advantage is particularly pronounced
when low-cost home charging options are available, such as those
enabled by photovoltaic systems. At higher charging prices, the cost
advantages of SIBs are not as pronounced; however, as shown in Fig.
6, they remain economically more efficient compared to the NMC
configuration. Additionally, implementing the maximum battery ca-
pacity would offer both cost advantages and environmental benefits,
as SIBs are considered more sustainable and environmentally friendly
than LIBs [46,47]. Fig. 9 illustrates that electric vehicles with SIB in
the mid-size segment are more cost-efficient than LIB configurations
in the small segment while providing an additional 60km range. The
large electric vehicle segment, representing the luxury and comfort
segment typically featuring high battery capacities for extended ranges,
proves unsuitable for SIB configurations. Despite the higher costs, NMC
battery technology is particularly fitting for this vehicle segment with
its high gravimetric and volumetric energy density, as customers in
this premium market segment are willing to accept the additional
expenses. LFP battery chemistry represents a balanced solution, offering
economic advantages between SIB and NMC battery chemistries. With
LFP technology positioning itself closer to NMC’s capabilities, it shows
potential to enter the large vehicle segment with future improvements
in energy density.

The analysis developed for this study exhibits certain limitations
and simplifications. It must be noted that SIB cells are still in the
research stage and not fully commercialized. While we attempted to
select the most suitable and reliable analysis parameters for SIBs,
these values remain theoretical and must be considered as such. We
conducted a comprehensive sensitivity analysis on these parameters to
address this uncertainty and ensure transparency. Beyond data-related
limitations, several methodological constraints should be noted. The
choice of the reference vehicle influences the results regarding battery
packaging space and powertrain efficiency. Battery aging effects are
incorporated through resale value calculations for model simplification.
The analysis employs basic vehicle operation assumptions, assuming
trips begin with a fully charged battery and charging infrastructure
availability. Additionally, using the WLTP cycle may not fully represent
real-world driving conditions, as individual driving profiles can vary.
Nevertheless, this work establishes an analytical framework applicable
to the early development stages of electric vehicles, with underlying
data available upon request.
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5. Conclusion

The innovation analysis of novel battery cells for electric vehicles
represents a crucial factor in advancing electromobility. This paper
presents an analytical framework for evaluating the potential of SIBs
in electric vehicles by examining vehicle-related and cost-related im-
plications of selecting SIBs compared to NMC and LFP cells. Results
demonstrate the cost advantages of SIBs over both alternative cell
types in terms of costs per kilometer. At a configuration of 58 kWh,
the maximum range of the analyzed electric vehicle is reduced by
22km when using SIB cells instead of NMC. Due to spatial constraints
resulting from lower volumetric energy densities of SIB cells, their
implementation is particularly advantageous in electric vehicles with
medium battery capacity. The analysis indicates that when implement-
ing SIBs in electric vehicles, utilizing the maximum possible battery
capacity is beneficial, as the low investment costs of these cells favor
maximizing range through home charging rather than relying on more
expensive public charging infrastructure. This economic advantage is
particularly pronounced when low-cost home charging options are
available, such as those enabled by photovoltaic systems. Sensitivity
analysis of SIB cell properties reveals that gravimetric energy density
has a comparably lower impact at the vehicle level. At the same
time, specific battery costs significantly influence overall costs, and
volumetric energy density substantially affects the packaging space
and, thus, the feasible electric vehicle design. From a cost perspective,
SIBs represent a promising alternative to conventional LIBs within this
use-case analysis, with vehicles in the low and particularly the medium
battery capacity range benefiting from this cell technology. This study
provides a foundation for researchers to assess innovative technologies
and quantify vehicle-level implications. The methodology can be fur-
ther applied to evaluate the potential of future battery technologies for
electric vehicle applications.
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