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The impact of cell standardization on niche
markets for battery applications: an analysis of
various cylindrical cell formats
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Achieving cost and emission reductions in lithium-ion battery production requires gigafactory-scale battery
manufacturing that leverages economies of scale and reduces energy consumption. While demand outside
the EV sector remains comparatively small, battery-powered devices are used by billions of people across
various applications. This study investigates whether standardized cylindrical cell formats can aggregate
demand across fragmented battery niche markets and thereby transfer economic and sustainability
benefits from giga-scale production to these applications. In addition, hypothetical improvements in
market accessibility through novel cylindrical cell formats are evaluated. Cylindrical cells are particularly
suitable for this approach due to their broad applicability and established format standardization. The
scenario analysis demonstrates that aggregating niche market demand can support economies of scale
and reduce energy consumption during production, while novel cylindrical formats further increase
market coverage. Thus, this work provides a novel assessment of how large-scale production benefits
can be extended to fragmented yet important battery niche markets, thereby enabling more sustainable
production.

Batteries have been a key enabler of energy transition and are expected to remain central to future sustainable electrification. However, battery cell

manufacturing is energy-intensive, and the highly heterogeneous requirements of niche applications often prevent battery cell production at sufficient scale to

realize economies of scale and reduce the energy demand per kilowatt-hour relative to xEV-oriented manufacturing. This work proposes aggregating demand

across multiple niches to facilitate large-scale production and improve manufacturing energy efficiency, thereby supporting UN SDG 12. In addition, the

substitution of lead-acid batteries with lithium ion technology eliminates hazardous materials while improving performance and service life. Finally, a theo-

retical framework identifies cylindrical cell formats with cross application applicability, enabling demand consolidation across various niche markets.

1. Introduction

The prevailing trend in studies and market forecasts is to focus
on specific segments of the battery market landscape. Recent
analyses primarily concentrate on the BEV market, with occa-
sional consideration of the energy storage system (ESS)
market.?
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In a few studies, some battery niche markets are referred to as
computer, communications and consumer market (3C-market),
encompassing small consumer products such as wearables,
smartphones, and laptops.** According to a report by McKinsey &
Company, the battery market can be categorized into three main
segments: batteries for mobility purposes, storage applications,
and consumer electronics. However, it is evident that the
majority of battery demand stems from BEVs and ESS systems.®

Despite their widespread use and large quantities,® battery
market niches are rarely analyzed in depth.” There are several
reasons for that: one key factor is the high heterogeneity across
these niches, with devices having various battery requirements,
particularly in terms of dimensions, system voltage (SV), and
system capacity (SC). There is significant variation across use
cases, ranging from tiny smart devices with energy capacities
below 50 watt-hours to commercial applications with over
100 kilowatt-hours. Additionally, the market size of individual
niches is relatively small compared to the BEV market.?
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From a commercial perspective, one of the most significant
challenges currently faced by the battery industry is cost-
effective and sustainable production of battery cells.®** This
mainly depends on a range of location-specific factors such as
energy and labor costs."** Additionally, the cost-effectiveness
also relies on product-specific considerations, such as cell
format and especially intended production volume.®**315:16

Moreover, sustainability is a key consideration in battery cell
production, given that batteries are a central technology for the
clean energy transition. However, battery cell manufacturing is
energy-intensive and may affect overall sustainability perfor-
mance.>” This energy demand can be reduced through
production on a larger scale, as higher production volumes
typically decrease energy consumption per kilowatt-
hour.10,11,17—19

Notably, production costs and energy consumption per
kilowatt-hour are reduced by increasing the quantity of manu-
factured units. This effect is commonly referred to as economies
of scale. Both pose a significant challenge for these niches due
to their small market volumes. As an example, increasing the
production volume of a common 21700-NMC//G cell from
0.5 GWh per year to 2.0 GWh per year reduces energy demand by
approximately 7.9% per kilowatt-hour of battery storage.***

In contrast, XEV batteries can achieve economies of scale and
lower environmental impacts per kilowatt-hour by using
common platforms and cells across multiple vehicle models,
with annual demand often exceeding several gigawatt-hours. By
comparison, many niche markets remain below 1 GWh,
limiting scale advantages and thereby increasing both produc-
tion costs and environmental impacts per kilowatt-
hour.10,13—15,20,21

To address this issue, several strategies can be implemented.
One approach is to establish agile cell production lines, allow-
ing for simplified changes to cell parameters and shapes with
shorter downtimes and lower costs.”® Another concept involves
using similar cells across various niches, thereby aggregating
their individual market volumes. This strategy is already
applied for some applications, such as power tools, electric bikes,
and electric scooters.”>>* These applications are often powered
by standardized cylindrical cells such as 18650 or 21700 cells.***

A key question is whether this concept is adaptable to other
market niches and whether greater market penetration is
achievable by introducing further standardized cell formats.
This study examines the battery market landscape and its
requirements through an in-depth analysis of niche market
applications. Cylindrical cells are selected due to their wide-
spread use, as well as their cost-effectiveness in production.**

In the beginning, several battery markets were analyzed to
identify relevant niches and their sizes. Subsequently, a model
was developed to calculate several system architectures based
on parameters such as SV and SC. Additionally, relevant cell
types and sizes were identified. An analysis was conducted on
the potential market penetration of existing cylindrical cell
formats, as well as the optimization of battery production
through the introduction of novel cylindrical cell formats,
aiming to reduce environmental burdens and manufacturing
costs while achieving economies of scale.>*?
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2. Method

2.1. Market analysis

Initially, a comprehensive review of various market niches was
undertaken. As a first step, those markets that cannot be served
by cylindrical cells were excluded from the scope. Due to their
limited form factors, devices such as smartphones and tablets,
despite their ubiquity and relevance, were not considered.
Additionally, medical and military systems were excluded due to
limited access to representative devices and technical parame-
ters. After this initial screening, eleven suitable battery market
niches were identified, spanning from small to large devices
and from consumer to commercial applications. For each of
these niches, representative devices were analyzed, and
parameters such as SC, SV, and cell chemistry were collected
(Fig. 1).

If cell chemistry was not specified, it was estimated based on
the nominal SV and compared to typical values for different
battery types (e.g., NMC811//G | NCA//SiG: 3.6-3.7 V, LFP//G: 3.2
V). Since further distinction between NMC811//G and NCA//SiG
based on nominal cell voltage is not reliable, these chemistries
will be referred to as NCX-based chemistry in the following
analysis. The error associated with this method is expected to
remain below approximately 12.5-15.3% (AVoltage/Voltage; gp).
For smaller devices, such as power tools, electric bicycles, and
electric scooters, an even lower error is anticipated, as system
architectures are typically disclosed in patents and
drawings.*>*

Furthermore, k-means and hierarchical clustering were
applied to identify similarities and cluster niche markets into
larger segments. The allocation of cell chemistry was summa-
rized at the niche level, considering devices containing both
chemistries (NCX-based & LFP//G). Finally, a dataset of
approximately 300 devices across eleven market niches was
compiled for further analysis.*

The primary objective of this analysis is to investigate how
existing cell formats meet the system requirements of current
niche markets in terms of voltage, capacity, and chemistry.

System
size

2
Suitable
Cell Type

Preferred
Cell

el
Chemistry

Battery
Markets

Market
Volume

=

High Power
Requirement

R

System
Voltage

Fig. 1 Key performance indicators to be considered for each market
segment.
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Additionally, the analysis assesses the potential benefits of
introducing new cell formats to expand market access. At this
point, it is important to acknowledge that additional individual
niche-related requirements, such as specific safety constraints
or unique charge and discharge behavior, are not within the
scope of this approach. The following analysis adopts
a production perspective and examines which cylindrical cell
formats and capacities best enable access to multiple niches,
ultimately improving economies of scale and reducing the
environmental impact of battery cell manufacturing.

2.2. System design and configuration

Before presenting the methodology, some key terms need to be
defined. In this analysis, a “system” refers to a unique device,
a device consisting of multiple battery cells, assigned to a rele-
vant market niche. A “system configuration” represents a theo-
retical setup corresponding to a given system. These
configurations are calculated using a Python-based algorithm.
The number of system configurations associated with each system
depends on the assigned system size class.

The actual system configuration, i.e., the number of cells
connected in series or parallel arrangements, is typically not
disclosed. In this analysis, the number of cells in series is
determined by dividing the system voltage by the nominal cell
voltage. The individual cell capacity is determined by dividing
the system corresponding SC by its number of parallel circuits.

To address the fact that the number of parallel circuits is
usually undisclosed, a system size class was assigned to each
market niche. The permitted parallel circuit value was deter-
mined based on representative market examples, where avail-
able, as well as additional qualitative criteria such as
application size and geometry.>»***” For larger applications in
which cylindrical cells are technically suitable but currently
underrepresented, this value may deviate from existing market
practices. For example, forklifts or home storage systems
commonly utilize larger prismatic cells, resulting in a relatively
low number of parallel connections. However, due to the
smaller capacity of cylindrical cells, a higher degree of para-
llelization is required. From this perspective, configurations of
up to 10p represent a reasonable compromise between elec-
trical complexity, and the inherently lower capacity of cylin-
drical cells.>*?*

Subsequently, various system configurations were calculated
based on this assignment. The system size class determines the
maximum number of parallel circuits. The allocation of system
size classes was based on the size and shape of systems within
each market niche. For instance, power tools are assigned to
system size class “XS”, with a maximum of two parallel circuits
(=2) for further analysis (Fig. 2).

After assigning a system size class, different system configu-
rations were developed using the method outlined below:

In this context, the number of cells in series determines the
SV based on the nominal cell voltage. A power tool with an SV of
18.0 V and a SC of 6.0 Ahgc, containing NCX-based chemistry, is
used as an example. The corresponding system size class defines
a maximum of two parallel circuits. The resulting system

© 2026 The Author(s). Published by the Royal Society of Chemistry
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System Size class Icon z:::::g
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Fig. 2 System size class, corresponding icon and considered parallel
circuit value.

configurations are 5S1P, with each cell providing 6.0 Ahcc, and
5S2P, based on 10 cylindrical cells with 3.0 Ahgc each (Fig. 3).

Possible system configurations were calculated, and results
were compiled across all systems related to a particular market
niche. Configurations resulting in a CC below 2.0 Ahgc were
excluded due to the limited commercial availability of cylin-
drical cells with such capacities. Additionally, a threshold of
50.0 Ahcc was defined as an upper limit for CC. This threshold
is based on the calculated CC using a 50100-NCA//SiG cell. Only
commercial prismatic or pouch cells offer larger CC.** The
resolution of the calculation was set to A0.1 Ahgc. Values in
between were rounded to nearest CC.

In a subsequent step, the absolute prevalence of CCs was
transformed into relative distribution. Initially, the number of
system configurations was used as standardization parameter,
accounting for variation in the dataset of systems within each
individual market niche (Fig. 3). Furthermore, this relative
distribution was multiplied by the global market volume for the
year 2025 to assess the impact of different market sizes. This
enables an evaluation of the market volume distribution across
a wide range of CCs and niche applications.

2.3. Cylindrical cell design calculator

Additionally, a cylindrical cell calculator was developed to
determine cell dimensions and corresponding CCs. The calcu-
lator considers three cell chemistries: low-energy LFP//G, mid-
energy NMCS811//G, and high-energy NCA//SiG. For each
chemistry, two volumetric energy densities were determined to
obtain a capacity range for each cell chemistry. The volumetric
energy density values were selected based on commercial cell
examples reported in the literature.”*** The calculator deter-
mines common standardized formats 18650 and 21700, as well
as the newer BEV-related 4680 cell type.** Furthermore, a more
advanced calculation was performed. Therefore, cells with
a fixed height of 100 mm and a variable diameter ranging from
16 to 50 mm (A2 mm) were calculated for the different chem-
istries. The calculation method considers dead volume, as well
as variations in cell wall thickness and hollow-core diameter

RSC Sustainability


http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d6su00151c

Open Access Article. Published on 12 June 2026. Downloaded on 6/13/2026 1:22:12 AM.

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

(cc)

RSC Sustainability

System

Whatis accessible?

N
N

Simulation of
different
system

configurations

=

System configuration

View Article Online

Paper

Evaluation

SlE
devices within a niche

A
Prevalence [-]
N A O o

(3
s
5
£
z
&

Fig. 3 Method of developing different system configurations. Left side: System and its accessible parameters. Middle: Developing of different
system configurations. Right side: Evaluation of results from configuration development.

depending on cell dimensions, as described by Pegel et al.** The
results of these cell calculations serve as input for the subse-
quent scenario analysis.

2.4. Scenario analysis

A scenario analysis with four distinct scenarios was developed
to examine accessibility of market niches using different cylin-
drical cell formats. Scenario A serves as the baseline, evaluating
the market accessibility of the state-of-the-art 21700 cylindrical
cell format containing NMC811//G or NCA//SiG-chemistry.
Scenario A1 builds upon Scenario A by adding the 18650 cell
format with the same chemistry. In Scenario A2, the novel 4680
cell format is introduced, with NMC811//G, NCA//SiG, and LFP//
G as cell chemistry, providing a broader range of possibilities.
The market volume that is accessible with this cell format is
referred to as the Accessible Market Volume (AMV). The AMV of
an individual cell type is determined by summing the market
volumes across the capacity range, obtained from the cell con-
figurator. If cell capacity overlaps occur between two different
cells, the corresponding specific volume is labeled as Intersec-
tional Volume. Additionally, market volumes were only consid-
ered for AMV when cell chemistry matched the chemistry
required by the niche application. For example, if the assigned
niche chemistry is LFP-based, an NCX-based battery cell cannot
not access corresponding to the market volume. For compar-
ison, the market volume was distributed across the cell capacity
range, independent of the required chemistry and subsequently
analyzed using clustering. This approach resulted in two key

RSC Sustainability

outputs: first, the total market volume across the capacity range
by cluster, and second, the AMV, representing the market
volume accessible based on cell capacity and compatible
chemistry.

Compared with Scenarios A, A1, and A2, Scenario B1 takes
a different approach. The underlying question driving this
scenario is: “Does the introduction of a new cell format increase
the AMV of battery niche markets, and to what extent?” To
address this question, a scenario was developed in which the
cell height was fixed at 100 mm, while the cell diameter

Scenario Description

Chemistries:

NMC//Graphite

_ M
. NCA//Si-Graphite

. "’l l . LFP//Graphite

Fig. 4 Scenario A: One cell type, NCX-based chemistry | Scenario Al:
Additional cell type, NCX-based chemistry | Scenario A2: Additional
cell type, NCX-based and LFP-chemistry | Scenario B1: Fixed cell
height, flexible diameter, optimization, NCX-based and LFP-chemistry.

© 2026 The Author(s). Published by the Royal Society of Chemistry
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remained variable and was optimized to maximize the increase
in AMV, considering three different cell chemistries (LFP//G,
NMC811//G, and NCA//SiG). The cell diameter was optimized
across a range from 16 mm to 50 mm, with incremental steps of
A2 mm (Fig. 4).

3. Analysis

3.1. Overview of various market niches

As mentioned earlier, a total of eleven relevant market niches
were identified through a comprehensive analysis of various
battery market segments. These niches were selected based on
their suitability for cylindrical cells and the availability of
representative systems.

It is evident that no single market segment exists where all
cell types are commonly used. However, industrial/maritime and
home storage systems exhibit a high degree of adaptability and

View Article Online
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fewer constraints regarding dimensions and form factors.
Consequently, these systems may accommodate a wide range of
cell types. Nevertheless, prismatic hard-case cells and, in some
cases, cylindrical cells are the most prevalent cell formats in
these applications. The primary reason for the limited adoption
of prismatic hard-case cells in further market niches is
dimensional and integration constraints. Specifically, prismatic
hard-case cells are not feasible in smaller applications due to
limited space and form-factor constraints, such as electric bikes,
power tools, and power banks. In addition, prismatic hard-case
cells are not suitable for niche applications requiring light-
weight, compact designs or specific system geometries.**

Therefore, pouch cells are highly relevant in applications
where space and weight are critical. However, they are less
suitable for larger systems that may experience higher
mechanical stress, such as forklifts, boats/camping, and electric
wheelchairs applications.”
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Fig.5 Qualitative comparison of niche markets in contrast to EVs. to C-rate estimation based on charging current, 2C-rate estimated on basis of
electric scooter, *estimated. Market volume based on a forecast of 2021.¢ System size and cell format are derived from teardown reports and fact
sheets of relevant products corresponding within market. C-rate and chemistry are taken from fact sheets of relevant products corresponding to

each market segment.
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Furthermore, there are significant differences in nominal
discharge rates across various market segments. While large
systems typically exhibit lower nominal discharge rates, often
less than 1C, smaller applications frequently require much
higher discharge rates. This correlates with cell chemistries
typically used in these niches. While large applications often
contain lead-acid or LFP-chemistry, market segments with
higher discharge requirements are dominated by high-power
NCX-based chemistries.

In terms of market volumes, a substantial variation across
various segments is evident. For some market segments a total
market volume for 2025 of less than 2 GWh is expected, while
others exceed 30 GWh. Additionally, there is no apparent
correlation between market size and system size. For example,
power tools are assigned to the smallest system class, yet their
expected market volume is among the largest of all niches
considered in this analysis.

3.2. Clustering analysis

To cluster market niches (Fig. 5, excluding EV applications)
based on their key performance indicators (Fig. 5, excluding
market volume), both k-means and hierarchical clustering were
applied. An automatic optimization between 2-10 clusters
identified a two-cluster solution with a Silhouette Score of 0.349
and an ARI of 1.0. Cluster 1 comprises electric scooters, electric
bikes, power tools, power banks, and commercial drones — primary
small devices employing NCX-based chemistry that require
medium to high power capabilities. Cluster 2 includes larger
systems predominantly using LFP or lead-acid chemistries,
characterized by low to medium power requirements and
moderate energy densities.

The hierarchical analysis reveals that some devices are
grouped within the same clusters but still exhibit considerable
distance from other niches within the cluster. For instance, in
the first cluster, commercial drones show a pronounced hierar-
chical distance, likely due to their exceptionally high power
requirements (Fig. 5 and 6). Conversely, certain applications
such as power tools and power banks, or golf carts and forklifts
show a high degree of similarity. The estimated market volume
of Cluster 1 is approximately 75 GWh, whereas Cluster 2
accounts for about 71 GWh (Fig. 6).

Hierarchical Clustering — Dendrogram (k=2)

~75 GWh ~71 GWh

Distance [-]
IS

o B & 2 B @ @& & &

Market niches

|
&

.yj

Fig. 6 Dendrogram of hierarchical clustering relevant market niches.
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3.3. Lead-acid batteries

Lead-acid batteries (LABs) continue to play a vital role in various
battery niche markets.® They are widely used as starting and
auxiliary batteries for internal combustion engines. Moreover,
LABs are still used in current applications, such as forklifts and
batteries for camping/boat applications. Although their market
share in certain applications is declining, their use is expected
to persist in the coming years.®

Given the context of this study, it is essential to consider the
current state of LABs. Generally, applications powered by lead-
acid have lower requirements for energy density, and lead-
acid technology is relatively inexpensive compared with LIBs,
particularly those using NCX-based cell chemistries. From this
perspective, LFP-based batteries represent a suitable substitute.
In terms of gravimetric energy density, LFP is more comparable
to lead-acid than NCX-based cell chemistry. Specifically, for
applications like forklifts, where the battery pack is used as
a counterweight, LFP is a viable alternative.® Nevertheless, for
specialized applications - particularly those involving complex
manufacturing processes, stringent certification requirements,
or high cost sensitivity — LABs are likely to remain necessary in
the future.

Notably, LABs often operate in 12 volt systems, comprising
six cells in series (6S) with a nominal cell voltage of 2.0 V. A
potential replacement with LFP would involve using four cells in
series (4S) with a nominal SV of 12.8 V. In contrast, using
NMC811//G with a nominal cell voltage of 3.6 V in three of four
cells in series would result in SVs of 10.8 V (3S, NCX-based
chemistry) or 14.4 V (4S, NCX-based chemistry), deviate more
from 12.0 V than the 12.8 V provided by a 4S LFP configuration.

Reasons for substituting LABs with LFP-batteries include
improved round-trip-efficiency, reduced hazardous materials,
longer lifetime, and higher energy density.**** Consequently,
replacing LABs whenever feasible may enhance sustainability.
In the subsequent analysis, these systems are assumed to be
replaceable with LFP batteries. batteries. Other battery types,
such as nickel-cadmium and nickel-metal hydride, were
excluded from the scope due to their decreasing relevance.***>%’

3.4. Comparison of system architectures

Throughout the research, a dataset of nearly 300 representative
systems spanning the eleven market niches was compiled to
support the following analysis.

Within the SV range below 100 V, distinct voltage levels are
observed, excluding power banks. Notably, power banks are often
advertised with capacities ranging from 15.0 to 30.0 Ahgc, but
upon closer examination, their actual SCs are typically between
3.0 and 5.0 Ahgc at higher SVs of up to 25 V. This configuration
likely enables charging rates exceeding 100 watts. The stored
energy, measured in watt-hours, is comparable to that of
systems operating at lower SVs but with larger SCs.

The most common SVs are 12 V (electric wheelchairs, boat/
camping), 18 V (power tools), 36 V (power tools, electric bikes,
electric scooters), and around 48 V (electric scooters, forklifts, golf
carts, home storage systems). Remarkably, 48 V exhibits the
largest variety of market niches and capacity ranges, spanning

© 2026 The Author(s). Published by the Royal Society of Chemistry
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from below 1 kWhge to more than 40 kWhgc. Above 100 V, the
SV distribution becomes more dispersed, with devices primarily
belonging to two niches, namely industrial/maritime applica-
tions and home storage systems, being identifiable (Fig. 7).

In the next step, the distribution of SCs values across all
devices is examined and visualized:
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Fig. 8 Distribution of the niches systems across the system capacities
up to 1200 Ahgc [resolution: A50.0 Ahscl and enlarged range up to
a threshold of 100 Ahsc [resolution: A1.0 Ahscl. BEVs are not consid-
ered in the quantitative evaluation.

The largest device in this dataset has a SC of approximately
1150 Ahgc. Forklifts and industry/maritime applications gener-
ally represent the largest systems in this dataset. Notably, a gap
around 350 Ahgc can be observed, with most of the devices
below this threshold and only a few above it. Overall, the
distribution of SC in this dataset is skewed toward lower
capacities, with most devices having SC below 50.0 Ahgc. The
median SC of the dataset is approximately 36.0 Ahgc, whereas
the arithmetic mean is 122.0 Ahgc. In summary, the main
concentration of systems with capacities below 50.0 Ahgc and
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the median SC of 36.0 Ahgc suggest that a considerable share
of these systems may be accessible using cylindrical cells

(Fig. 8).

3.5. System distribution and system configurations

In accordance with the methodology, the system configurations
were calculated and distributed across CCs values:

The spread becomes more pronounced when the gap
between the smallest and larges SC within a market niche
increase. For instance, the SC for power tools ranges from 2.0 to
12.0 Ahgc, whereas the SC for boat/camping systems spans from
30.0 to 300.0 Ahgc. This results in a broader distribution,
making it more difficult to access a large share of system
configurations using a single cell type (Fig. 9).

In summary, market niches classified as system size class
“XS” or “S”, with a small spread between the smallest and
largest device, exhibit narrower distributions. This results in
higher relative shares of fewer different cell sizes compared to
market niches classified as size “L” or “XL”, which have
a broader capacity range between the smallest and largest
device. For example, power tools (XS, small spread) in compar-
ison to forklifts (XL, broader spread) (Fig. 9).

The typical capacity of NCX-based 21700 cells ranges from 3.8
to 5.0 Ahgc. Indeed, the results from system modeling indicate that
larger applications are not accessible by those cells. For instance,
the minimum suitable CC for forklifts is 20.0 Ahcc. To access these
market niches with smaller cells, the permitted parallel circuits
value defined by the system size class would need to be increased.
Even a larger 4680 cell containing LFP//G (13.7 to 18.9 Ahcc) is not
suitable under the given conditions. However, the goal is not to
serve all applications with a single cell, which would require a high
parallel circuit value to equate all systems to the lowest common
denominator. A large number of parallel circuits has disadvan-
tages, including increased system complexity, higher inactive
material mass, and potential performance or lifetime issues
arising from cell-to-cell variability.**** Smaller cells also increase
the share of inactive materials, which can reduce the system's
volumetric and gravimetric energy density.** Moreover, from
a sustainability perspective, producing smaller cells requires
substantially higher energy consumption per kilowatt-hour.™

At this point, it is also worth noting that some calculated
system configurations are not inside the relevant capacity range
of 2.0 to 50.0 Ahcc. As a result, the coverage rate measured
across all system configurations for a certain niche is relatively
low. For example, forklift systems have a coverage rate of
approximately 21%. Consequently, only 21% of all calculated
system configurations associated with forklifts are within the
determined range for cylindrical cells. The coverage rates for
further market niches are listed in the Table S2. In this context,
it is noteworthy to display the share of systems from the dataset
which are coverable with a certain cell size, independent of their
actual system configuration.

In contrast, the poor configuration coverage rate and lower
accessibility of forklifts systems raise questions about the feasi-
bility of using cylindrical cells for forklifts under the defined
parameters. As noted earlier, increasing the permitted parallel

RSC Sustainability


http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d6su00151c

Open Access Article. Published on 12 June 2026. Downloaded on 6/13/2026 1:22:12 AM.

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

(cc)

RSC Sustainability

View Article Online

Paper

Rel. Distribution
System configuration

0 5 10 15 20 25

I Median @ Arithmetic Mean | [%]
I 1)
. 224
e ] 20
1 MR 18
I K 1 16
- | [ o 14
7 | 9 | 12
- | b | 10
. [ P 8
-6
o I w1 R R ]
: -4
7 : LA [ |
e B L e B B o B 22

30 35 40 45 50

Cell capacity [Ahsc]

Fig. 9 Relative distribution of cell capacities of certain system configurations below 50.0 AhCC [resolution: A0.5 AhCC, aggregated]. The
threshold is set at 2% of all niche-related system configurations.?® BEVs are not considered in the quantitative evaluation. System configurations

were obtained while dividing SC by considered parallel circuit values.

circuit value may improve coverage rates, but this approach is
not the subject of this investigation.

Currently, each market niche is evaluated independently,
based on its associated systems and the distribution of system
configurations. In the subsequent step, the cumulative market
volume of each individual market niche is considered to facil-
itate a comparative evaluation across all niches in terms of their
market volume. To achieve a comparative evaluation, the indi-
vidual distribution of system configurations for a unique niche is
multiplied by its corresponding global market volume projected
in 2021 for the year 2025.

The distribution of market volumes reveals a notable
concentration of CCs below 10.0 Ahcc. Additionally, the
substantial market volumes occur for CCs of 20.0, 25.0, and 40.0
Ahcc. This is largely driven by the significant market volume of
forklift and home storage system (Fig. 10).

In contrast, power tools and electric bikes primarily drive the
observed distribution at lower CCs. Other segments, such as
electric wheelchairs, golf carts, and power banks, exhibit a rela-
tively small cumulative market volume for individual CCs. This
results from the relatively small market volumes associated with
these niches.

Because the distribution is broad while the total market
volume is small, only a limited number of cell sizes exceed
a market volume of 0.1 GWh. The minimum threshold was

RSC Sustainability

therefore set deliberately low to avoid excluding niches with
small market volume and broad distributions, such as power
banks.

The market volume was distributed according to the relative
distribution of system configurations within the defined scope.
However, this approach only accounts for individual CCs and
neglects important factors such as cell chemistry. To address
this limitation, a scenario analysis is required to determine the
actual AMV, which incorporates additional requirements.

3.6. Scenario analysis

Following the outlined method, four different scenarios were
developed (Chapter 2.4). Scenario A and A1 represent a state-of-
the-art case, limited to NCX-based chemistry and the commonly
used 21700 and 18650 cell formats. An advanced Scenario A2
represents an extended case that evaluates potential market
accessibility while introducing the BEV-related 4680 cell format
with both LFP and NCX-based chemistries.

In Scenario B1, a fixed cell height is assumed, while the cell
diameter is optimized in this approach to maximize the AMV
share (Fig. 11).The resulting analysis illustrates the market
accessibility of battery niche applications when relying on
currently established cylindrical cell formats from existing
markets and BEV-related applications. Furthermore, Scenario

© 2026 The Author(s). Published by the Royal Society of Chemistry
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B1 demonstrates how a potential new cylindrical cell format
could enhance market accessibility under the given
assumptions.

Scenario A shows a moderate AMV. The AMV is approximately
17.7 GWh, with comparable contribution from NCA//SiG and
NMC811//G. In Scenario A1, the introduction of the widely used
18650 cell format with NCX-based chemistry results in an addi-
tional AMV of 15.8 GWh. Compared with Scenario A4, the share
requiring high-energy NCA//SiG chemistry is substantially smaller.
Notably, most of the AMV can be covered by mid-energy NMC//G-
chemistry, specifically for 18650-NMC//G cells, including the
intersectional volume shared with NCX-based chemistry. The
intersectional volume refers to the overlap of CCs between NMC//G-
and NCA//SiG-based cells. Consequently, the demand for 18650
cells requiring exclusively high-energy NCA//SiG-chemistry is low
compared with the other scenarios. More than 90% of total market
volume from Scenario A and Scenario A1 corresponds to Cluster 1.
This shows a strong match between requirements of Cluster 1
applications (small devices, high power requirements, NCX-based
chemistry) and the cell sizes used in these scenarios. Therefore,
a high accessibility of more than 98% for both scenarios is reached.

In Scenario A2, the 4680 cylindrical cell format, evaluated
with different chemistries, results in a substantially lower
increase in AMV compared with the 18650 format using NCX-
based chemistry. Interestingly, unlike the automotive
industry, NCX-based chemistry appears less relevant for 4680

© 2026 The Author(s). Published by the Royal Society of Chemistry

cells in niche applications. This is primarily because Lead-acid
or LFP are commonly used in larger niche applications
requiring larger battery cells, whereas small devices are
predominantly dominated by NCX-based chemistries (Fig. 5).
This observation is also supported by the results of the cluster
analysis. Scenario A2 shows an AMV increase of approximately
7.5 GWh. Consequently, in comparison to the previous
scenarios, the 4680 cell format shows a weaker match with the
requirements of battery niche applications.*” Total market
volume within the corresponding cell capacity range in Scenario
A2 amounts to approximately 24.7 GWh. In contrast to scenarios
before, Cluster 2 has the largest share with more than 85%,
while the AMV (7.5 GWh, Fig. 11) represents only 30% of this
volume. In conclusion, Scenario A2 does not provide a sufficient
match between market requirements and available cell formats.
In particular, the individual cell capacity of a 4680-LFP//G cell is
too low to access the relevant market niches under the given
assumptions. This motivates the final scenario, which investi-
gates how a novel cylindrical cell format could enhance market
accessibility, particularly for niches belonging to Cluster 2.

In Scenario B1, the cell height is fixed while the diameter is
optimized to identify the cell format that yields the highest addi-
tional AMV for each chemistry. While the optimal format for NCX-
based chemistry corresponds to one of the smallest diameters, the
largest evaluated format provides the greatest AMV increase for
LFP//G chemistry. Notably, Scenario B1 achieves a greater AMV

RSC Sustainability
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increase than Scenario A and A1 though the introduction of
diameters 16 mm, 20 mm, and 50 mm. This finding supports the
consideration of introducing additional standardized cell formats.
The 50100-LFP//G and 20100-NMC//G cells demonstrate a notable
increase in total AMV under the given conditions and assump-
tions. The 50100-LFP//G cell appears particularly favorable
compared to the 4680-LFP//G due to its higher individual capacity.
As previously discussed, increasing the number of parallel strings
could also render the 4680 cell suitable for these applications;
however, this aspect was not within the scope of the present study.
These findings suggest that cylindrical cells with capacities above
5.0 Ahgc and NCX-based chemistries, such as the 20100-NMC//G,
warrant further investigation.

However, it is important to note that the 20100 and 16100 cell
formats, with diameters of 20 mm and 16 mm respectively and
a height of 100 mm, represent unconventional designs may be
limited in their applicability due to its geometry. In addition, the
16100 cell format could be challenging to manufacture due to high
diameter-to-height ratio resulting in limited mechanical stability.

Larger cylindrical cells, such as the 50100, may exhibit less
favorable thermal distribution characteristics, which may affect
their lifespan.****

Moreover, larger cells exhibit a wider range between their
minimum and maximum achievable capacities. From modelling
perspective, this results in a larger number of individual CC
values being covered. For example, a low-energy 21700-LFP//G cell
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has a capacity range of 2.4 to 3.3 Ah¢c, whereas a 4680-LFP//G cell
has a broader capacity range of 13.7 to 18.9 Ahcc. A compre-
hensive list of all relevant cells calculated using the cell config-
urator is provided in the Table S3.

In conclusion, Scenario B1 yields an AMV of approximately 65
GWh, which is still modest compared to the overall market
volume of approximately 150 GWh. It should be noted that an
equally weighted distribution of cell capacities is assumed
based on the absolute distribution obtained from system
configuration modeling. An advanced approach could involve
evaluating system configurations based on the number of parallel
circuits. However, this approach may be challenging to imple-
ment due to the lack of available information regarding actual
system configurations.

Nevertheless, the results support the potential introduction of
additional standardized cell formats, particularly for cylindrical
cells using LFP-based chemistry. Furthermore, a standardized
NCX-based cell with a rated capacity of 6.0 Ahgc appears partic-
ularly relevant, in addition to commercially available cylindrical
formats below 5.0 Ahcc. This capacity represents a key factor
contributing to the observed AMV increase in Scenario B,
particularly through the 20100-NMC//G cell (Fig. 11).

3.7. Energy demand during production

This analysis identifies a total market volume of approximately
146 GWh across the considered battery niche markets.

© 2026 The Author(s). Published by the Royal Society of Chemistry
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Assuming an average product lifetime of 5 years and an average
annual market growth rate of 10% due to ongoing electrifica-
tion, this corresponds to an additional battery demand of
approximately 44 GWh per year.

As a conventional baseline, it is assumed that market demand
is supplied by pouch, prismatic, and cylindrical cells, each
available in three sizes and three different chemistries. Under an
equal distribution assumption, each cell type would require
a production capacity of approximately 1.6 GWh per year.

The scenario analysis indicates that about 36% of the AMV
across all niches could be addressed by only four cylindrical cell
formats: 50100-LFP//G, 16100-NCA//SiG, 18650-NMC//G, and
20100-NMC//G. This consolidation increases individual cell
demand to up to 3.9 GWh per year and reduces production
energy demand by approximately 3-4% per kilowatt-hour of
battery storage, depending on chemistry.

Notably, the common 21700 format does not rank among
the top four cells in this analysis. However, the accessible AMV
of the 21700-NMC//G (3.8-4.6 Ahcc, 11.39 GWh) is only
slightly lower than that of the 16100-NCA//SiG (3.6-4.3 Ahcg,
12.01 GWh), since their accessible capacity ranges are
comparable. Encompassing the 21700-NMC//G would increase
AMV by only about 1.3 GWh beyond what is covered by the
16100-NCA//SiG. In this analysis, the 16100 format is preferred
due to its slightly higher AMV and thus greater potential to
reduce energy consumption per kilowatt-hour produced.
Nevertheless, given its widespread industrial adoption, the
21700-NMC//G may represent a more practical choice. At this
point, it should be noted that this analysis considers only
energy consumption during battery production. Additional
sustainability aspects, also including energy consumption
changes in upstream and downstream processes, are not
considered.

3.8. Model limitations

Despite the thorough analysis, some limitations exist. First, the
approach to aggregate niche market volume is theoretical and
relies on a qualitative determination of system size categories
based on drawings of representative devices and considerations
of system size and geometry.>*>*?7,28:45:46

However, not all niches have an equal number of relevant
systems in the database. Some applications, such as power tools,
have numerous examples, whereas others, like golf carts or
commercial drones, are represented by a few devices. This
disparity is largely due to differences in the accessibility of
representative systems, which also resulted in the exclusion of
some otherwise suitable market niches.

Regarding volume distribution, an equally weighted distri-
bution across all relevant system configurations was assumed.
Nevertheless, this assumption may be inaccurate, particularly
for larger systems with multiple system configurations, such as
those classified in the system size class “XL”. Future work could
evaluate the relevance and likelihood of different system
configurations. Minimizing the number of parallel circuits is
likely important due to higher complexity, especially compared
to simplified electrical circuits with fewer parallel circuits.*”*

© 2026 The Author(s). Published by the Royal Society of Chemistry
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As aresult, system configurations with exceptionally high parallel
circuits are probably less common than others.

Another limitation is the low coverage rate of determined
system configurations, particularly for forklifts, which is repre-
sented by approximately 21% of all related system configurations,
as illustrated in Table S2.

Regarding scenario analysis, for Scenario B1, a fixed cell
height was assumed, which limited the flexibility for evalu-
ating of novel cell formats. Nevertheless, previous findings
indicate that an NCX-based 2.0 Ahc is of significant interest,
for some niches such as power tools, electric scooters and
commercial drones. However, it should be noted that under the
constraints imposed by the cell calculation method, the
chosen cell formats, and the underlying assumptions, an
illustrating NCX-based 2.0 Ah¢c cell is not feasible. Further-
more, it is acknowledged that considering less common cell
formats, such as the 18500 and 26650 sizes during optimiza-
tion process, would substantially change the outcomes of the
scenario analysis.

4. Conclusion

In summary, battery niche markets exhibit significant hetero-
geneity in terms of application cases and battery system
parameters, such as SV and SC. Notably, LABs still maintain
a substantial presence across various niches. However, the
trend towards substitution with lithium-ion batteries, particu-
larly LFP cells, is expected to continue due to beneficial
performance and improved sustainbility.®

In terms of market volume, the aggregated global market
volume of approximately 150 GWh is significantly smaller than
the BEV market. Moreover, the requirements for battery niche
markets are more heterogenous and complex than those for
BEVs. The range of individual SCs within a single market is
substantial, with some niches approaching the one gigawatt-
hour threshold, while others exceed 30 GWh.

Despite these challenges, the analysis reveals that most
niches which are considered in this study can be assessed with
small cells having capacities below 10.0 Ahg (Fig. 9).

Moreover, some niches require larger individual cell sizes,
primarily driven by the results of forklifts and home storage
systems. Therefore, the analysis indicates a demand for addi-
tional standardized cylindrical cell formats, especially for larger
applications powered by LFP batteries, currently LABs,
respectively.

The results of the scenario analysis highlight the limited
accessibility of some systems with current cell formats,
emphasizing the need for further optimization. As shown in
Scenario B1, the AMV can be increased by 25.2 GWh (+62%),
excluding intersectional volume with previous scenarios.

Moreover, from sustainability perspective, this analysis
demonstrates that a substantial share of the accessible market
volume of 36% of total AMV can be covered with only four
cylindrical cell formats. By aggregating market demand and
increasing the annual production capacity of each configura-
tion, energy consumption and consequently the environmental
impact can be reduced by approximately 3-4%, or 0.5-1.0 kWh/
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KWhyp,teery. This reduction is particularly relevant given the
energy-intensive nature and production volume of battery cell
manufacturing.>***”

Future research directions could include the incorporation
of additional relevant market niches and corresponding
devices, as well as introducing further cell formats, such as
prismatic or pouch cells. Specifically, pouch cells offer an
interesting area of investigation, due to their widespread use in
applications such as wearables, laptops, and smartphones,
which are not considered in this analysis. Moreover, additional
sustainability and cost implications associated with the imple-
mentation of further standardized cell formats should be eval-
uated. Another aspect to examine is the inclusion of different
chemistries. As an emerging technology, sodium-ion batteries
may compete with LFP if lithium prices are increasing, partic-
ularly for applications where size and weight are of minor
importance.** However, considering emerging cell chemistries
is not subject of this approach.

Another approach is to focus on the module or sub-module
level. Manufacturing standardized sub-units could enable
cross-application compatibility. For instance, a five-module
pack with nominal voltage of 18 V, typically used in power
tools, could also serve as a replacement for common electric bike
or electric scooter batteries when two modules are connected in
series. This concept could remain feasible even when different
cell technolgies are used, provided that the cell format and
overall design remain consistent.
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BEV Battery-electric vehicle
ESS Energy storage system
3C Computer-communications-consumer

LFP Lithium-iron-phosphate

LIB Lithium-ion-batteries

SC System capacity

Sv System voltage

CC Cell capacity

NCX-Cells  Cells containing nickel/cobalt-based chemistry
AMV accessible market volumes

LAB Lead-acid batteries
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