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In the face of rising demand for efficient and reliable energy storage, this study evaluates the cost-effectiveness of
lithium-ion and sodium-ion batteries across pouch, prismatic, and cylindrical cell formats. Introducing CellEst
3.0, an open-source, Excel-based model offering detailed insights into material and production costs for various
battery chemistries and formats, including post-lithium technologies such as sodium-ion batteries (SIBs). Our
analysis shows that NMC 811 lithium-ion cells offer the highest energy density but have higher material costs due
to expensive cathode active material. In contrast, the affordable LFP cathode active material provides cost ad-
vantages over NMC. SIBs, particularly those based on NaNFM 111, are the most cost-effective at $54-$62 per
kWh, primarily due to cheaper anode active material and aluminum current collector foils. Prismatic cells are
identified as the cost leader, supporting the industry’s shift towards this format despite other technological
factors. Scenario analysis suggests that SIBs withstand volatile market conditions better due to lower material
price dependency. While production cost savings correlate closely with cell energy, cylindrical cells are an
exception due to their manufacturing processes. This study underlines the value of detailed cost modeling in
battery development and demonstrates the economic potential of sodium-ion batteries in sustainable energy

storage.

1. Introduction

The global transition towards sustainable energy solutions is
increasing the demand for efficient and reliable energy storage systems.
Batteries are pivotal in this transformation, serving as fundamental
components in renewable energy integration and electric vehicles (EVs).
As countries strive to meet ambitious climate targets and reduce their
carbon footprints, adopting electric vehicles has emerged as a crucial
strategy. While EV sales are rising, a key factor for widespread market
penetration is the cost of electric vehicles, particularly the battery,
which today accounts for a 28-40 % of EV cost [1-4]. In this context,
battery cost modeling emerges as a critical tool to identify cost drivers
and explore potential savings in the value chain.

Lithium-ion batteries (LIBs) are currently state-of-the-art for auto-
motive and stationary energy storage systems. However, the volatility in
the cost of LIB cathode active material (CAM) precursors, such as lithium
carbonate and lithium hydroxide, has sparked interest in post-lithium
battery alternatives. Sodium-ion batteries (SIBs) present a potential

low-cost alternative in the near term, primarily due to lower material
prices and the drop-in capability with LIB production infrastructure [5].
Therefore, it is important to examine SIB costs to determine if they can
economically compete with LIBs and become a viable alternative for EVs
and stationary applications. Although lithium-carbonate prices are
currently low, there is no guarantee they will remain so in the future [6].
Three different battery cell formats, pouch, prismatic, and cylindri-
cal, are commonly used in EVs, although no single format dominates.
For instance, BMW has announced a switch from prismatic cells to cy-
lindrical cells in its “new class”, while VW plans to transition to prismatic
cells as part of its “unified cell” [7,8]. These strategic decisions raise the
question of whether they are cost driven or influenced by other factors,
and how they differ across lithium and post-lithium technologies.
Existing cost models and literature do not address this question
comprehensively. Many models, such as BatPaC (battery performance
and cost model), focus on single cell formats, as do works by Orangi and
Strgmman, Duffner et al., and Schiinemann [9-12]. Ciez and Whitacre,
with Pegel et al., have modified BatPaC for cylindrical cells, while

* Corresponding author. Helmholtz-Institute Miinster (HIMS), CorrensstraBe 48, 48149, Miinster, Germany.

E-mail address: jruppert@uni-muenster.de (J. Ruppert).

https://doi.org/10.1016/j.powera.2025.100190

Received 11 August 2025; Received in revised form 19 September 2025; Accepted 5 October 2025

Available online 10 October 2025

2666-2485/© 2025 The Authors. Published by Elsevier Ltd. This is an open access article under the CC BY license (http://creativecommons.org/licenses/by/4.0/).


https://orcid.org/0009-0004-4791-7366
https://orcid.org/0009-0004-4791-7366
mailto:jruppert@uni-muenster.de
www.sciencedirect.com/science/journal/26662485
https://www.sciencedirect.com/journal/journal-of-power-sources-advances
https://doi.org/10.1016/j.powera.2025.100190
https://doi.org/10.1016/j.powera.2025.100190
http://crossmark.crossref.org/dialog/?doi=10.1016/j.powera.2025.100190&domain=pdf
http://creativecommons.org/licenses/by/4.0/

J. Ruppert et al.

Lechner et al. developed a model that compares prismatic and cylin-
drical cells, thereby including multiple formats [13-15]. Cattani et al.
and Borner developed models that allow a comparison of all three cell
formats [16,17]. While SIB modeling exists — some based on BatPaC
like Vaalma et al., Roberts and Kendrick, Peters et al., and Yao et al. and
some as stand-alone calculations like Berg et al. — these models do not
allow for comparison across cell formats (see S1 Supporting Information
Table A3 for full comparison) [18-22].

The process-based material and production cost model CellEst 3.0 is
introduced here to compare the costs of LIBs and SIBs across all major
cell formats. Building upon the material cost model CellEst 2.0, pub-
lished in 2021 [23], CellEst 3.0 is a highly transparent, Excel-based,
open-source, and process-based model enabling comparisons of LIBs,
SIBs, and different cell formats. All calculations and input data are
specified to ensure reproducibility, including current primary energy
data from the research battery factory Fraunhofer FFB in Miinster.
Furthermore, the model is employed to investigate whether decisions for
specific cell formats are cost-driven and sustainable concerning
post-lithium batteries.

2. Methods
2.1. Model architecture

CellEst 3.0 uses a bottom-up process-based cost modeling approach,
which was first introduced by Field, Kirchain and Roth (2007) but has
since been widely used for battery cost modeling [24,25]. This approach
can be used to analyze the influence of individual technology and cost
parameters and the cost structure of production at a high level of
granularity, distinguishing costs for each material and process step. The
material and production cost model developed here for large-scale
battery production is published open-source as an Excel-model to
ensure maximum transparency and flexibility (see E1 CellEst 3.0
Model). It can thus serve as a basis for researchers, companies or deci-
sion makers to modify and use the model for their own needs. All input

Journal of Power Sources Advances 36 (2025) 100190

parameters are adjustable, thus enabling cost hotspot analysis and
facilitating strategic decision-making. The developed model CellEst 3.0
comprises three interconnected sub-models: the cell model and the
process model, which are then integrated into the cost model (cf. Fig. 1).

2.1.1. Cell model

The cell model creates a virtual battery cell based on geometric
constraints and material data, calculating among others the cell’s ca-
pacity and energy, and a bill of materials (BOM; see supporting infor-
mation S2 model manual for more details). The calculation logic in this
sub-model is partially based on the two previous iterations of CellEst:
CellEst 1.0 by Wentker, Greenwood, and Leker (2019) and CellEst 2.0 by
Greenwood, Wentker, and Leker (2021) [23,26]. However, it has been
expanded to include prismatic and cylindrical cells accounting for their
geometric characteristics and now includes over 100 variable input
parameters. Further, post-lithium technologies can be modeled, and the
volume change of the cathode and anode is calculated more accurately
by including irreversible volume changes, as well as reversible crystal
volume changes during cycling. This means that many different cell
geometries and compositions can be analyzed with the model, allowing
versatile use and, in particular, quick and easy cost estimation for aca-
demic, but also industrial scale analyses.

In the cell model, the internal dimensions are derived from external
geometry. The thickness of the cathodes and anode coating is then
determined through a case differentiation considering the N/P capacity
ratio and volume changes [23]. Up to this point, the calculations for
pouch and prismatic cells, which consist of stacked cell stacks, are
similar to those for cylindrical cells, which contain a wound jelly roll.
For pouch and prismatic cells, the number of cell stacks that fit within
the cell is determined, whereas for cylindrical cells, the lengths of the
wound cathode and anode are calculated. Based on this, the cell’s ca-
pacity and energy are determined using either the number of cell stacks
or the cathode length. Next, the mass of all active and inactive compo-
nents is calculated to generate the cell’s BOM and to calculate energy
densities.
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Fig. 1. The general model architecture of CellEst 3.0 with model outputs shown in the round boxes.
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2.1.2. Process model

The process model simulates a large-scale battery factory, based on
user-defined specifications for factory size, location and technical ma-
chine parameters. It requires input from the cell model, including the
active material’s capacity and energy per cell. For the energy demand of
the machines, primary industry data provided by the Fraunhofer FFB
Fab are used and published [27]. In addition, the model includes further
operating parameters (see Table 2) such as working days and shifts per
day, so that this sub-model includes a total of 250 variable input pa-
rameters. The integer number of machines per production step scales
linearly with the predefined factory output in GWh. However, one of
these production steps acts as a bottleneck, requiring the factory output
to be adjusted accordingly.

2.1.3. Cost model

Material costs are quantified per cell and per kWh using component
prices, primarily in USD kg™!. They are adjusted for the reversed cu-
mulative scrap rate, which is higher the earlier a material enters the
production process. Production costs, consisting of capital cost for in-
vestments, energy, labor, building, dry room, and overhead, are subse-
quently calculated for each production step. The total costs result from
the material costs and the sum of all fixed and variable production costs,
expressed in USD kWh ™! for each process step (cf. equation (1)).

n n
CTo[al = Z CMaterial.i + Z (Clnvest.j + CEnergyj + CLabur.j + CBuildingJ + CD)yRoom.j
i J

+ COverhead.j)
@

2.2. Parameterization of the analysis

For this comparison and to showcase the model, two LIBs were
modeled: an LiNip gMng 1Cop 102 (NMC 811) based battery, chosen for
its high discharge capacity of 200 mAh g~! (Table 1), making it suitable
for automotive applications requiring high energy density; and an
LiFePO4 (LFP) based battery, selected as a lower-cost option at 150 mAh
g~ ! with potential benefits for affordable electric vehicles. This selection
reflects the current EV market where approximately 55 % of batteries
are nickel rich NMC- and 40 % LFP-based LIBs [28]. Graphite is the
state-of-the-art anode active material (AAM) and modeled in both cell
designs. For simplicity, the cells are addressed only with the name of the
CAM in the following.

Sodium, the second alkali metal after lithium, allows SIBs to utilize
similar active material structures. Literature identifies promising SIB
CAMs including single and multiple transition metal layered oxides like
NaMnO; and NaNij, sFe;,3sMn;,30, (NaNFM111), polyanionic com-
pounds, and Prussian blue analogues [31,32]. The O3-type multi-metal
layered oxide NaNFM 111, containing nickel, iron and manganese, is
highlighted for its electrochemical performance at 160 mAh g~* and the
representation of recent trends in commercialization according to Yao
et al. [21] The polyanionic NFPP (NasFe3(PO4)2(P207)) serves as the
sodium counterpart to LFP, showing lower performance but also lower
cost, justifying its inclusion in this analysis.

Graphite is typically replaced by amorphous hard carbon (HC) for

Table 1
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Table 2

General input parameter for format and production.
Parameter Value Unit Reference
Pouch (Hight x Width x Thickness) 330x162x7 mm
Prismatic (Width x Hight x Thickness) 300x100x30 mm
Cylindrical (Diameter x Height) 46x80 mm
Annual Capacity 5 GWha™!
Production Location China
Working Days per Year 360 d [10]
Shifts per day 3 [10]
Hours per shift 8 h [10]
Paid Breaks 1 h [10]
Labor Cost 5.5 UsDh! [34]
Energy Cost (electric) 0.09 USD kWh™! [35]
Energy Cost (gas) 0.058 USD kWh™! [36]
Area Cost 581 USD m 2 [371
Discount Rate 8 % [15]
Overhead Rate 35 % [38]
Maintenance Rate 10 % [13]
Unplanned Downtime 25 % [15]
Building Area Multiplier 440 % [10]
Lifetime Machines 10 a 9]
Lifetime Buildings 20 a [9]
Investment P-Value 0.9 [39]
Energy P-Value 0.95 [39]
Labor P-Value 0.7 [39]
Area P-Value 0.95 [39]

the SIB AAM due to the thermodynamic instability of binary Na'/
graphite intercalation compounds. Additionally, the anode current col-
lector foil (ACCF) of SIBs advantageously is based on aluminum instead
of copper because sodium does not alloy with aluminum at low poten-
tials [19,20].

Cost calculations in CellEst 3.0 rely on current spot prices, sourced
from up-to-date market reports and the information platform Shanghai
Metal Market (cf. Table 1), to reflect recent price dynamics. This paper
offers a cost comparison across the three cell formats in electromobility
— pouch, prismatic and cylindrical, taking into account constraints such
as the large format preference and height limitations for underbody
installation in EVs [33].

Three cell formats were selected (Table 2) based on Neef et al. (2022)
[33]. Pouch and prismatic cells are assumed to use stacked electrode
configurations with Z-folding, while cylindrical cells employ a wound
jelly roll, leading to variations in production processes during assembly.
The input parameters for modeling a hypothetical battery cell factory,
including operation, cost factors, cost modeling, and p-values for
economies of scale, are detailed in Table 2. In the model, China was
selected as the production location, which affects cost factors like en-
ergy, labor, and building.

3. Results and discussion
3.1. Comparative analysis of cell energy and energy densities
The gravimetric and volumetric energy densities (in Wh kg~ and Wh

L™1) of NMC 811 are the highest as NMC 811 is the analyzed CAM with
the highest theoretical discharge capacity consistent with existing

Applied active material parameters and costs which serve as input parameters for the cell model.

Parameter Unit NMC 811 LFP NaNFM 111 NFPP Graphite Hard Carbon
Practical Discharge Capacity mAh g~! 200 150 160 128 360 325
Discharge Potential \ 3.7 3.3 3.3 3.1 0.1 0.2

Density gem™® 4.78 3.45 4,52 3.2 2.25 1.5

Material Cost USD kg * 22.6 [29] * 6.0 [30] 7.3 [291° 413 [29] © 7.5 [30] 5.2 [29]°

@ Retrieved in May 2024.
b Retrieved in September 2024.
¢ Retrieved in April 2025.
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literature (see Fig. 2) [40]. The energy densities of LFP and NaNFM are
at similar levels, while NFPP shows slightly lower values. The volu-
metric energy density seems to depend mainly on cell chemistry,
whereas for the gravimetric energy density a trend is observable be-
tween cell formats. Pouch cells have the highest gravimetric energy
density because they consist of lightweight polymer-aluminum com-
posite foils instead of nickel-plated steel for cylindrical or aluminum for
prismatic cells. However, these observations are only at the cell level
and could be offset at the pack level, for example through cell-to-pack
approaches [21]. Prismatic cells follow as they are significantly larger
than cylindrical 4680 cells, favoring the active/inactive material ratio.
For the CAMs, a similar distribution can be observed regarding cell
energy. The NMC 811 cells have the highest cell energy, mainly due to
the high active material capacity and high operating voltage, whereas
NFPP has the lowest cell energy due to the lower material performance
(see S1 Supporting Information, Fig. Al for a parameter dependency
heat map). Meanwhile, the cell energy of NaNFM is slightly lower
(15-17 %) compared to LFP, although the CAM capacity is 14 % higher
(in mAh g%, see Table 1). This is primarily due to the limitations of the
HC used as AAM. The model first defines the maximum thickness of the
electrode coating (set at 100 pm) and then calculates whether the
cathode or anode can match the maximum thickness so that the N/P
ratio between the anode and cathode is maintained. Thus, while the
cathode thickness is maximized for the LFP cells, the cathode thickness
for NaNFM is only 68 pm due to the capacity and voltage limitations of
the HC.

The cylindrical cells have the lowest cell energy with 32-75 Wh,
followed by the pouch cells (79-184 Wh), and the prismatic cells
(235-547 Wh). The trend can be explained by the differing cell di-
mensions and sizes, which determine the amount of active materials
inside the cell. Thus, the cylindrical cells only contain 97-115 g CAM,
while the prismatic cells contain 723-851 g CAM. This distinction is
important because there is a direct correlation between cell energy and
production cost, as more cylindrical cells have to be produced to achieve
the same battery capacity in GWh per year, which increases production
costs on the cell level.

3.2. Comprehensive cost analysis

When assessing total costs, NMC 811 emerges as the most expensive
option, while LFP is 17-19 % cheaper (see Fig. 3). NaNFM is the most
cost-effective, offering a 0.4-3 % cost reduction compared to LFP. NFPP
performs worse than NaNFM due to its lower capacity and working
potential, and is on a par with LFP, depending on the cell format.
Additionally, cost differences between cell formats are evident, with
similar trends observed across all cell chemistries. Pouch cells are the
most expensive regardless of cell chemistry, whereas cylindrical cells are
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Fig. 2. Gravimetric and volumetric energy densities (left, in Wh kg~ and Wh
L™1) and cell energy of the modeled battery cells (right, in Wh).
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cheaper by 5-11 %. Prismatic cells are slightly cheaper than cylindrical
cells, with a cost difference of 2-4 %.

The elevated costs of NMC 811 cells mainly stem from the CAM,
which accounts for 54-59 % of the total costs, compared to 26-29 % for
LFP, 32-36 % for NaNFM, and 23-26 % for NFPP cells. NMC enables the
highest energy density (see Table 1), but its cost per kg is three to five
times higher than the other materials due to its expensive metal pre-
cursors, containing nickel and cobalt. Therefore, NMC cells would be
most affected by volatile market prices for these metal precursors.

However, NMC cells are the cheapest to produce at $9-14 kWh ™.
The production costs of LFP cells are higher, ranging from $14 to $19 per
kWh, with the cost of inactive materials and AAM also being elevated.
The latter is due to the lower cell energy of LFP cells, as more cells and
therefore more inactive materials and AAM are required to produce the
same kWh of battery. Nevertheless, this is completely offset by the much
lower CAM cost, resulting in a lower overall cost of the LFP cell.

NaNFM cells are the most cost effective despite their higher pro-
duction cost of $15-22 kWh 1. Additionally, the CAM is slightly more
expensive, despite substituting lithium with cheaper sodium. Sodium
salt (NaPFg) can be used as the conducting salt in the electrolyte for SIBs
[20]. However, the resulting cost advantage is only marginal (see S2
Model Manual for further information). The primary factors contrib-
uting to the cost advantage of SIBs are AAM and ACCF.

HC as AAM results in a cost reduction of $1.80 kWh ™! compared to
graphite in LFP cells, despite its lower capacity and density. Here, the
lower volume change of HC (4 %, compared to 13.4 % for Gr) has only a
minor impact, with the main reason for the cost advantage being the
lower material cost (see Table 1 and S1 Supporting Information
Figure Al). Using aluminum as the ACCF reduces the cost by ~$6
kWh™! and improves gravimetric energy density due to its lower den-
sity, making aluminum ACCF a key advantage of SIBs. However, these
results are highly dependent on the assumptions made for capacity and
voltage, and it is not yet certain that these can be achieved in practice
[21]. These advantages also apply to NFPP and, together with the
low-cost CAM, results in the lowest material cost of all examined cells.
However, the low cell energy leads to the highest production costs of
$20-27 kWh™!, which completely negates this advantage. This is espe-
cially apparent for NFPP pouch cells where production makes up 34-41
% of total cost, putting them on par with LFP.

When examining cell formats, it is evident that lower cell energy
results in higher production costs. This is also evident across cell
chemistries, where cell energy drops by 43 % from NMC 811 to NFPP,
while production costs increase by 90-117 %, and in pouch and pris-
matic cells, both of which use Z-folding. As cell energy decreases, more
cells need to be processed to achieve the factory output, requiring more
machines, energy and labor, thus increasing costs.

The only exception are cylindrical cells, which have the lowest cell
energy but also production costs that are below pouch cells and only
slightly above prismatic cells. This is despite their low cell energy due to
geometric differences, resulting in cost savings in the welding process
and end-of-life testing (EOL). The production steps involving the pro-
cessing of full cells are typically the most impacted. For example, one
EOL testing machine is required for prismatic NMC cells, while six are
required for cylindrical NMC cells, as more cells need to be processed in
total. The low production costs are mainly due to the different produc-
tion processes, as the separation and Z-folding of the electrode stack is
replaced by winding of the jelly roll in cylindrical cells. This saves costs
by eliminating one production step in the model.

Prismatic cells emerge from the analysis as the most cost-effective.
This is due to lower production costs due to high cell energy, slightly
lower material costs from lower scrap rates during production (scrap
rate for separating and z-folding is lower than for winding) and the
slightly lower cost of the packaging container. Prismatic cells are
therefore the best cell format from a pure cost point of view. However,
the discrepancy is not substantial, and it is debatable whether it will be
outweighed by other factors, for example at the battery pack level, such
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Fig. 3. Comprehensive cost analysis in USD kWh™! of the battery cells examined (see S1 Supporting Information for all data points).

as the trend towards cell-to-pack design [41].

3.3. Scenario analysis

To assess the economic competitiveness of the modeled LIBs and
SIBs, three material scenarios were considered: nickel price, sodium and
lithium price, as well as scrap rate alongside three production scenarios:
discount rate, energy, and labor costs (see Fig. 4). The factors that are
selected are most likely to be influenced by external factors such as
market volatility, quality issues, interest rates, energy, and wage levels,
and are largely beyond a manufacturer’s control. A pouch cell was
modeled for the material side and an NMC 811 CAM for the production
side. Each input factor was adjusted by 50 %, assessing the percentage
impact on total cell cost.

For the nickel price scenario, the input price for nickel sulfate shifted

from $3.8 kg ! to $1.9 kg~! and $5.7 kg™ !. The analysis showed a $7.4
kWh ! increase in total cost for NMC 811 cells with a 50 % nickel price
spike, the highest change among examined scenarios, due to its high
nickel content. As the mixed oxide NaNFM 111 is only one third nickel,
it was less affected despite requiring more CAM in kg kWh ™, while LFP
and NFPP were unaffected due to their lack of nickel.

In the Li/Na scenario, the impact of different input prices for lithium
carbonate, lithium hydroxide, and sodium carbonate was analyzed. This
consideration is especially relevant due to recent lithium price volatility.
LIB costs were more sensitive than SIBs because lithium compounds
costs are 20 times higher than sodium carbonate, so a percentage change
in lithium price results in a greater absolute change [42,43]. Sodium’s
small proportion in NaNFM and NFPP CAM cost results in a minor
overall impact on total cell cost.

The scrap rate has a significant impact on the total cost, as the
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material costs are the largest share of the total cost. Halving the cu-
mulative scrap rate reduces the cell cost by $2.9-5.8 kWh™! (5-7 %),
with the greatest impact on cells with high material costs. Fig. 4 reveals
asymmetrical effects on cost due to the scrap rate’s influence on both
material cost and production output. A lower scrap rate increases ma-
chine output, necessitating fewer machines and thereby reducing costs.
However, because only whole numbers of machines can be used, the
reduction potential is limited for low scrap rates, as the number of
machines cannot be reduced below one machine, which explains the
asymmetry. Thus, while the scrap rate is one of the most effective levers
for cost reduction, it can also pose challenges if high scrap rates occur
during ramp-up or persistent quality issues, as seen at Northvolt, making
cost-effective production and especially ramp-up more challenging [44].

Production scenarios reveal less significant impacts. The discount
rate influences the capital cost of machinery, buildings, and dry rooms,
having the greatest impact at $1.4-2.5 kWh™! (2-3 %), with its signif-
icance declining as production costs decrease for the cell formats. In
contrast, energy and labor costs have minimal impact in a Chinese
production context where wages and energy costs are low, with an
assumed Chinese labor cost of $5.51 h™1. A 50 % increase raises this to
$8.27 h™1, still well below the German wage level of around $44 h™!
[45]. While this analysis illustrates the variability of Chinese labor costs,
it does not provide a location-specific comparison.

The analysis reveals a low dependence on production factors and a
significant potential impact from material factors. NaNFM shows higher
resilience to nickel metal price increases than NMC and significantly
better resilience to lithium/sodium price increases, putting it on par
with LFP in terms of the impact of market volatility. NFPP shows the
greatest resilience as it does not depend on nickel or lithium. The gap
between LIBs and SIBs is largely dependent on the development of metal
prices. In line with Yao, Benson and Chueh [21], a rising nickel price
would cause the cost advantage of NaNFM to shrink, and a rising lith-
ium/sodium price would cause it to increase. A general increase in metal
prices would reduce the disadvantage of NFPP. The Yao, Benson, and
Chueh study predicts a SIB cost advantage from 2030 to 2040,
depending on market development, whereas the results in this study
already indicate a cost advantage at this point in time, presumably due
to differences in assumptions.

3.4. Comparison with other work

To contextualize this work, comparing it with other cost models and
market studies is crucial for validating the model’s accuracy, identifying
common trends in the literature, and assessing its ability to reflect cur-
rent battery costs. Several factors must be considered in these compar-
isons, such as whether costs are reported at the cell or system level, and
the specific chemistry and format being analyzed. It is also important to
note how process costs and cost factors are integrated.

Orangi et al. [46] analyze the cost decline of LIBs based on historical
data and provide cost trajectories. They report on an LFP cell in 2024 at
$75.1 kWh™! and an NMC 811 cell at $86.7 kWh™!, although the cell
format remains unclear. Thus, the LFP cell of Orangi et al. is 17-25 %
more expensive, and the NMC cell is 13-20 % more expensive than the
cells modeled in this work. However, the cost disparity between the two
chemistries is similar in Orangi et al. (13 %) and this work (13-19 %). A
similar relationship between the LIBs is apparent, even though the ab-
solute values differ across papers, which cannot be attributed to a
definitive cause due to the diversity of the input parameters.

Pegel et al. [14] model a 4680 cylindrical cell with NMC 811 as CAM
using a modification of BatPaC, resulting in a cost of $96.12 kWh™!. The
reasons for the cost disparity compared to this work likely lie in the input
parameters for materials, which date from 2018 to 2022 in Pegel et al.,
where higher prices are assumed for CAM and separators.

Lechner et al. [15] provide an explicit analysis of a prismatic and a
4680 cylindrical cell for NMC 811 and LFP. They report full costs of
$95.5 kWh™! for the prismatic NMC 811 cell and $96 kWh ™! for the
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cylindrical, with the prismatic LFP cell at $99.5 kWh™!. Two things can
be observed here: first, the reported costs are significantly higher than
the modeled costs in this work, and second, the relationship between
NMC and LFP is inverse, which is noted but not explained by Lechner
et al. The likely reason for both observations is the use of older data
before the sharp rise in lithium prices around 2022 [47]. For example,
Lechner et al. assume a value of $9 kWh ™! for LFP from a 2020 source,
which is 50 % higher than the value in this paper.

Comparing SIBs is more challenging due to fewer publications in this
area. Vaalma et al. [19] use BatPaC to calculate the material and pro-
duction costs of SIB, determining the costs as of 2018 and offering an
outlook on potential improvements with further developed materials. By
subtracting battery pack and module-related costs, Vaalma et al.’s costs
can be determined at the cell level, resulting in $146 kWh ™! for an NMC
622 cell, $182 kWh™! for LFP, and $141-184 kWh ™! for SIB, depending
on the state of development. This leads to a 20 % cost advantage for
NMC 622 compared to LFP, contrasting with the 14 % cost advantage for
LFP found in this study, which indicates a shift in cost dynamics since
the publication by Vaalma et al. Peters et al. developed their own model
and analyzed a cylindrical 18650 cell for NMC 111, LFP, and SIB,
resulting in costs of $168.6 kWh™1, $229.3 kWh !, and $223.4 kWh!
for each, respectively [20]. Both studies estimate LFP to be more
expensive than NMC, and SIBs to be at a similar level to LFP. According
to Vaalma et al., SIBs have the potential to reach costs comparable to
NMC batteries. However, all costs from these studies are considerably
higher than those in this study, attributed to improved manufacturing
processes and cheaper materials due to economies of scale in a rapidly
growing energy storage market.

Additionally, current market studies on cell costs can be consulted.
BloombergNEF [48] reports a cell cost of $78 kwWh™! for LIBs, and the
Intercalation Battery Component Price Report February 2024 [30] lists
costs of $66 kWh ™! for NMC cells and $53 kWh ! for LFP cells. These
values are significantly lower than those from the studies considered.
Since there is always a time lag between data collection and publication
in scientific articles, it can be assumed that cell costs have fallen again in
recent years. Differences in assumptions and calculation methods may
also explain these results. The results of this work, at $69-75 kWh™! for
NMC cells and $56-62 kWh™! for LFP, are much closer to current costs
from the market reports, underscoring CellEst 3.0’s relevance in
modeling current trends.

4. Conclusion

Our study shows that NMC 811 cells are the most expensive, priced at
$69-75 kWh™! due to their CAM, despite having the lowest production
costs. The favorable CAM cost is the biggest advantage for LFP cells
summing up to $56-62 kWh ™!, which results in the cost advantage over
NMC. NFPP pouch cells cost $66 kWh™! and are more expensive than
LFP, while prismatic and cylindrical NFPP cells are comparable to
equivalent LFP cells at $57 kWh~!. NaNFM 111 based SIB cells show the
lowest cost at $54-62 kWh™! despite their high production cost, with
the advantage coming from HC as the AAM and aluminum as the ACCF.
These results suggest a small cost advantage of SIBs, although the
advantage depends heavily on whether the capacity and voltage of the
active materials can be realized in practice on a GWh per year scale.

In terms of production costs, there is a clear trend that higher cell
energy leads to lower production costs, although cylindrical cells are an
exception due to differences in the production process. When comparing
formats, prismatic cells emerge as the cost leader, supporting VW’s
move towards the prismatic “unified cell” [7]. The cost advantage over
cylindrical cells is 2-4 % and 8-12 % over pouch cells. This cost
advantage must be balanced with technological differences in the cell
formats, e.g. in terms of charging behavior, cooling or integration in the
vehicle. In addition, these are cell-only costs and do not consider
pack-level cost effects, although the latest trend in cell-to-pack designs
also favors prismatic cells [33].
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The scenario analysis shows that NMC is the least resilient to volatile
precursor markets, with LFP and NaNFM roughly on par. While LFP is
more affected by changes in lithium and sodium prices, NaNFM is
similarly impacted by nickel prices. There is no clear advantage between
LFP and NaNFM in terms of resilience. In contrast, NFPP is largely un-
affected due to its cheap and abundant precursor materials and can
potentially be cost-effective in volatile market conditions. Changes in
cost leadership thus heavily depend on individual metal price trends.
The scrap rate in specific production steps offers significant cost-saving
potential that can be actively influenced. It is comparable to the cost of
precursor materials and poses a substantial risk if cells cannot be pro-
duced with adequate quality. Total cell costs show low dependency on
production factors, although only variations in Chinese production were
considered. However, the impact on European production could be
significantly higher and could be investigated in future research.

A comparison of the CellEst 3.0 results with the latest cell cost
research and cost modeling shows that CellEst cell costs are consistently
lower than those of other models. However, CellEst 3.0 is also much
closer to current market studies on cell costs and is therefore better
suited to accurately reflect current trends and developments. It is also
the only model capable of modeling all relevant cell formats and, at the
same time, LIBs and post-lithium batteries with SIBs (as shown in S1
Supporting Information Table A3). As an open-source model, CellEst 3.0
will provide a platform for other researchers to incorporate their own
technologies, thereby broadening the scientific discourse on post-
lithium technologies by including a cost analysis.
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battery; CAM - Cathode active material; BatPaC — Battery perfor-
mance and cost model; BOM - Bill of materials; AAM - Anode active
material; NMC - Lithium nickel manganese cobalt oxide; LFP — Lithium
iron phosphate; NaNFM - Sodium nickel iron manganese oxide; NFPP -
NayFe3(P04)2(P207); Gr — Graphite; HC — Hard carbon; ACCF — Anode
current collector foil; CCCF — Cathode current collector foil; EOL — End of
line testing.
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