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Technological innovation vs. tightening raw
material markets: falling battery costs put at risk†

Lukas Mauler, *ab Xixue Lou, a Fabian Duffnerab and Jens Lekerac

The reduction of battery costs is a key enabler for an economically viable transition towards a climate-

neutral society. Despite market analysts being concerned about rising raw material prices, across

forecasting studies, battery costs are expected to decline in the future. Respective authors base their

cost estimates on past material price developments and do not rely on explicit technology roadmaps.

This study integrates both future material price expectations and cost reductions driven by technological

innovation. Therefore, a roadmap is defined for automotive battery technology and its production

process throughout 2030, based on market expectations and expert knowledge. This roadmap is

translated into year-over-year cell cost by two engineering-based, bottom-up material and process cost

models and, at current raw material prices, a decline from above 100 to around 70 $ kW h�1 in 2030 is

forecasted. The simulation of analysts’ price expectations for critical materials reveals that this decline

might significantly flatten or, in the most pessimistic case, vanish completely. A particularly high risk for

cell cost is associated with the nickel price and consequently, implications for research and industry are

outlined for its mitigation.

Broader context
The road transportation sector accounts for approximately one fifth of global greenhouse gas emissions and the aim of its decarbonization has become the
focus of policy measures. In particular for passenger vehicles, industry has reacted by bringing battery-powered electric vehicles to the market in order to
replace internal combustion engines that burn fossil fuels for vehicle traction. While these vehicles operate emission-free at point of use and represent a low-
carbon alternative if electricity is supplied by renewable energy sources, their current purchase price is not fully competitive to conventional cars. For an
affordable and economically viable mobility transition, industry strives for cost reductions and the battery, the single most costly component of an electric
vehicle, has taken center stage in these efforts. Significant cost reductions have been achieved in the last decade and research in academia and industry has
brought forward promising technological measures aiming to further reduce battery material and production cost in the future. However, the battery demand
from the ongoing global policy-driven electric vehicle ramp-up is putting strain on upstream material markets that might not be able to extend supply at a
similar pace, resulting in increased material prices and, in turn, having an increasing effect on battery cost. This study analyzes these opposing effects by
identifying relevant innovations in battery technology and its production process, integrating material market developments, and sheds light on their
combined impact on future battery cost.

1. Introduction

Batteries are taking center stage in the transition of the mobility
sector towards climate-neutrality,1 since they represent a locally CO2-
free alternative to fossil fuels in vehicles,2,3 and can mitigate the
generation variability of renewable energy sources in electricity
supply.4 The cost of lithium-ion batteries (LIB), the state-of-the-art

technology in electric vehicles5,6 and economically promising in
stationary energy storage applications,7 is considered too high to
render battery-powered products fully competitive with their con-
ventional counterparts,8 even though it has decreased more than
fivefold during the past decade.9 On the one hand, this trend is
expected to further continue in the future, as shown by a recent
review of battery cost forecasting studies that use the methods of
technological learning, literature-based projection, bottom-up mod-
eling, and expert elicitation.10 Major drivers of these expectations
are technological advances in both, battery technology and its
production process,11 and economies of scale by a global expansion
of LIB production.12,13 On the other hand, industry analysts are
increasingly concerned about rising prices for critical raw
materials14,15 as demand expectations are growing significantly
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and currently committed investments for future mining activities
are considered insufficient.16,17 To date, battery cost forecasting
studies do not rely their estimates on explicit technology roadmaps
and neglect the effect of future raw material price expectations, thus
impeding an evaluation of the combined effect of technological
innovations and tightening raw material markets on future battery
cost. This study attempts to close this gap by applying a new multi-
step, engineering-based modeling method, an approach considered
to be required to further evaluate future battery cost development,18

in order to derive cost forecasts throughout 2030. In a first step, a
year-over-year material technology roadmap is established that
reflects the evolution of the market-dominating (i.e., with the high-
est market share in automotive applications) active materials based
on analyst expectations. Second, a technology roadmap for the large-
scale production process of automotive LIBs is set up based on the
elicitation of experts from the field. Third, assuming raw material
prices from 2020, material and process technology roadmaps are
subsequently translated into LIB cell cost by using an existing
bottom-up LIB energy and material cost estimation model,19 and
a process-based cost model.11 Fourth, industry analyst reports are
analyzed regarding future raw material price developments and a
year-over-year assessment of their impact on cell cost is conducted.
This study contributes to the field of energy research in multiple
ways. First, it provides a year-over-year LIB technology roadmap
based on analyst and expert expectations throughout 2030. Second,
a data-driven, engineering-based LIB cost trajectory is introduced
that reflects major innovations in both, battery technology and
production process. Third, a cell cost analysis is presented that
creates transparency on the impact of analyst estimates of future
raw material price developments and allows for the assessment of
individual beliefs. Fourth, raw materials that particularly put falling
battery cost at risk are identified and mitigation potentials
are discussed. These contributions can serve as the basis for
future energy technology research, allow for a more informed,

future-oriented discussion of battery cost, and support future cost
reductions required in industry.

The remainder of this article is structured as follows: Section 2
presents the technology roadmap for battery technology and its
production process. In Section 3, the resulting LIB cost trajec-
tory is presented based on current raw material prices and the
impact of increasing raw material prices is analyzed. Section 4
summarizes the main findings and discusses implications for
research and industry, and Section 5 outlines the methods
applied.

2. Technology roadmap
Material technology roadmap

LIBs consist of electrodes (cathodes, anodes) that accommo-
date lithium ions during discharge and charge operation, a
separator acting as a physical barrier to prevent electric short-
ing, and an electrolyte to allow for ionic conduction inside the
cell housing.20 Among these components, electrode materials
are most expensive, together typically accounting for half of LIB
cell cost,21 with their cost share expected to continuously
increase throughout 2030,8 and hence are focused to describe
material developments in the technology roadmap. The market
expectations regarding dominating material technologies for
automotive applications alongside the assumptions used in
this study for each year are presented in Table 1. For both
electrode active materials, technological developments are
expected. Regarding cathode active materials, nickel-based
layered oxide cathode materials such as NMC (LiNixMny

CozO2, x Z 0.6, often followed by a 3-digit affix that represents
the molar fraction of transition metals in the formula) currently
account for about 80% of the market, followed by LFP-based
(LiFePO4, lithium iron phosphate) materials with 10–20%

Table 1 Active material technologies and related assumptions

Year

2020 2021 2022 2023 2024 2025 2026 2027 2028 2029 2030

Cathode active material
Benchmark Mineral Intelligence (2020) NMC532 NMC622 NMC811
Roskill Information Services (2021) NMC622 NMC721 LNO
Transport & Environment (2021) NMC622 NMC811 NMC955

Assumptions in this study NMC622 NMC721 NMC811 NMC955

Specific discharge capacity [mA h g�1] 180 190 200 215
Average discharge potential vs. Li [V] 3.7 3.7 3.7 3.7
Active material price [$ kg�1] 21.5 20.3 21.4 21.3
Raw material cost 2020 [$ kg�1] 15.4 14.1 15.0 14.8
Material processing cost [$ kg�1] 5.6 5.7 5.8 5.9
Anode active material
Benchmark Mineral Intelligence (2021) Graphite (Si additive content of 3–6%)
Roskill Information Services (2021) Graphite (Si additive content small)

Assumptions in this study Graphite Graphite (5 wt% SiOx)

Specific discharge capacity [mA h g�1] 360 450
Average discharge potential vs. Li [V] 0.1 0.1
Active material price [$ kg�1] 8.3 10.8
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market share.17,22 For nickel-based materials, all consulted
industry analysts16,17,22 expect a successive increase of the
nickel content, thereby reducing the initial 2020 shares of
cobalt and/or manganese. They further agree that in 2020, the
molar fraction of nickel among transition metals in the dom-
inating cathode active material did not exceed 60%, and that it
will increase to at least 80% in 2030. This trend is the con-
tinuation of increasing nickel fractions in NMC materials that
have been in the order of 33% (NMC111) at the beginning of the
last decade.21 The rationale behind this trend is the industry’s
efforts to simultaneously improve LIB energy content and cost
by increasing material capacities and reducing cobalt con-
sumption, the latter being costly and controversial in terms
of sustainability and supply reliability.6 However, higher nickel
contents are associated with challenges regarding battery safety
(thermal runaway under abuse conditions) and performance
(mainly capacity and voltage decay, impedance growth).21,23–25

The risk of thermal runaway can primarily be attributed to
oxygen evolution and subsequent reactions with electrolyte and
lithiated anode, which is a result of the thermodynamic
instability of nickel-rich layered oxides at large lithium utiliza-
tion or high temperature.23–25 Performance degradation has
a variety of origins, including residual lithium compounds,
Ni2+/Li+ cationic disorder, oxygen evolution and accompanying
phase transition, transition metal ion dissolution and crack
formation.21,23,25 To mitigate these challenges, development
efforts focus on various approaches, including the optimization
of synthesis methods, foreign-ion doping, surface coatings,
single-crystal, core–shell and concentration gradient particle
structures, and the application of non-flammable and oxygen-
scavenging electrolytes.21,23–25

Based on harmonized industry expectations, a gradual
material development from NMC622 in 2020 to NMC955 in
2030 is assumed in this study. The respective materials exhibit
distinct properties such as specific discharge capacity, average
discharge potential vs. lithium, and price, being major drivers
of cell energy and cost.13,26 While a similar discharge potential
is assumed across the examined NMC materials, specific dis-
charge capacity is increasing from 180 mA h g�1 for NMC622 to
215 mA h g�1 for NMC955. Further, NMC622 market prices for
2020 identified by a recent article are used27 and with increas-
ing nickel contents, slightly elevated NMC material processing
cost (per kg) are assumed.21

Regarding anode active materials, industry analysts expect gra-
phite to retain the highest market share compared to silicon and
lithium metal throughout 2030. Gradual changes are expected
regarding silicon additive content (such as silicon monoxide, SiOx,
x E 1) that has so far been below 5 wt%28 and is expected to
increase in selected vehicle segments in the future.29,30 The addition
of SiOx to graphite represents a compromise between the advan-
tages of silicon anodes, related to their high theoretical capacity
(44000 mA h g�1 vs. 372 mA h g�1 for graphite28,31), and their
challenges regarding volume expansion during charging (B300%
vs. B10% for graphite32) that imply limited cell cycle life.28 In order
to represent a market-dominating anode material, graphite is
assumed as active material in the first half of the decade, and a

blend with 5 wt% SiOx in the second half of the decade, respectively.
Accordingly, the assumed specific discharge capacity of the anode
active material is expected to increase from 360 mA h g�1 to
450 mA h g�1 in 2026. While the respective change in SiOx content
is resulting in an energy density advantage, it can result in cell cost
increases due to higher active material prices induced by high-
purity, battery-grade SiOx prices (60 $ kg�1 vs. 8.3 $ kg�1 for
graphite).27

Process technology roadmap

In addition to materials, the costs of LIBs are driven by their
production process, contributing 20–40% to overall cell cost.11

This process follows three superordinate steps from electrode
production, where cathode and anode active materials are
applied to the current collectors, over cell assembly, where
the electrode-separator-stack is produced, surrounded by a
housing and filled with electrolyte, to cell conditioning, where
the cell is activated, monitored and prepared for delivery.20 A
detailed step-by-step description of the state-of-the-art process
has been described in earlier studies.11,20 In order to establish a
technology roadmap for the production process of automotive
LIBs, process experts have been consulted regarding expected
improvements until 2030 in the most cost-driving process steps
mixing, coating, drying, stacking, formation, and aging that
account for approximately two thirds of cell processing cost.11

The experts’ expectations regarding innovations and parameter
improvements in a large-scale automotive cell plant are sum-
marized in Table 2. Respective changes are displayed on an
annual level and are categorized according to the three super-
ordinate steps in the cell production process.

In electrode production, fundamental innovations are
anticipated that affect the process steps of mixing, coating
and drying. All of the consulted experts anticipate the current
batch-wise procedure, where wet electrode slurries consisting
of active material, binders, conductive additives and solvents
are produced in a planetary mixer, to be replaced by a contin-
uous process until 2030. This can be achieved by the use of co-
rotating screw mixing systems,33 that integrate material dosing,
premixing, kneading, dispersion and degassing into one unin-
terrupted operation for the preparation of the slurry, which can
be directly transferred to the coating line.34 The expectations
for continuous mixing to be industrialized in a large-scale
production plant for automotive cells range from 2022 to
2025 and 2023 has been calculated as the average year among
experts. Regarding the solvent used to prepare the cathode
slurry, all experts expect an elimination of currently used NMP
(N-methyl-2-pyrrolidone) either through its replacement by
water, or through a solvent-free, dry coating process. NMP is
a toxic and teratogen chemical compound that requires a costly
and complex recovery process, and considerable drying
efforts.35 2026 has been calculated as the average year expected
for NMP elimination in large-scale cathode manufacturing. The
final drying step in the production of electrodes before their
transfer to cell assembly, is expected to become obsolete by all
experts throughout 2030, either by an integration in the con-
tinuous drying process or by the implementation of dry coating.
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In final drying, electrodes are typically rolled up to coils and
conveyed batch-wise into vacuum ovens where residual moist-
ure is removed before their transfer to cell assembly.11,20 2027
has been calculated as the average year for the elimination of
the final drying step. All of the consulted experts anticipate wet
electrode processing to be replaced by dry coating throughout
2030. In today’s large-scale cell manufacturing plants, the
solvent-based material slurries are applied to the collector foil
through a slot-die coating device and solvents are evaporated by
subsequent drying lines with a length in the order of 100 m,
thus accounting for a large share of plant investments and
energy consumption.12,36,37 Several alternative, solvent-free
coating technologies are in discussion that can significantly
reduce drying efforts such as electrostatic spray deposition,38–40

hot rolling,41,42 magnetron sputtering, and laser deposition.34

Experts mentioned the first two technologies to be most prob-
able for automotive cell production, which is in line with
remarks in academia considering laser-based and sputtering
procedures to have limited suitability for large-format electrode
mass manufacturing.38,39,43 2028 has been calculated as the
average year for large-scale industrialization of dry coating. In
addition, incremental improvements are expected for the roll-
to-roll speed of the coating equipment at which electrodes are
produced. The average calculated value is increasing from 63 m
min�1 in 2020 to 100 m min�1 in 2030. In cell assembly, the
innovations mentioned by the experts focus on the cost-driving
process step of stacking, where the electrode-separator stack
is produced.11 For large-format automotive cells, z-folding

represents a state-of-the-art technology, where single cathode
and anode sheets are alternatingly inserted onto a continuously
fed separator lane.20,44 Experts that expressed knowledge about
this process anticipated either an industrialization of high-
speed single sheet stacking, where advanced pick-and-place
systems are used to increase productivity,45 or the implementa-
tion of roll-to-roll technology such as coil-to-stack, which is
characterized by a device that produces the cell stack from
three continuously unwinding coils for cathodes, separators,
and anodes.46 All experts expect reductions in the time required
to produce the cell stack, and the average value is decreasing
from 0.8 s sheet�1 in 2020 to 0.4 s sheet�1 in 2030. In cell
conditioning, the consulted experts anticipate productivity in
the cost-intensive formation and aging procedures.11 During
formation, cells are charged and discharged for the first time
and the solid electrolyte interphase (SEI) layer, vital for cell
performance and safety, is formed.20,47 An improvement in this
process step can be achieved by following advanced formation
protocols that require less charge and discharge cycles and
apply higher C-rates to the cell.48,49 All consulted experts expect
reductions in the formation time and the average value is
decreasing from 35 h cell�1 in 2020 to 13 h cell�1 in 2030. In
the process step of aging, cells are stored under controlled
conditions in shelves or towers, and crucial parameters are
monitored for a certain time interval in order to rate cell quality
before final delivery to the customer.50 The process step is
reported to require up to three weeks, to occupy large areas in
production facilities, and hence to account for significant

Table 2 Experts’ expectations regarding process innovations and improvements
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investments.20,36,48 Experts expect a decline in aging times
induced by an earlier reliable prediction of cell performance
due to more accumulated data and more sophisticated analysis
methods, resulting in a decrease from 14 days cell�1 in 2020 to
4.5 days cell�1 in 2030 on average. Further, based on expert
statements, it is assumed that the rate of rejected cells declines
from 15 to 1%, and the annual plant production capacity
increases from 10 to 40 GW h in the period between 2020
and 2030.

3. Results and discussion
Cell cost development at constant raw material prices

For raw material price assumptions of 2020, the described technol-
ogy roadmap and an automotive pouch cell format11 with a cathode
thickness of 80 mm, resulting year-over-year cell cost estimates from
2020 to 2030 derived from the bottom-up models to estimate cell
material and processing cost, are presented in Fig. 1. Based on the
average of assumptions presented in Table 2, calculated cell cost
decline from 102.9 $ kW h�1 in 2020 (100.4 to 105.3 $ kW h�1 based
on optimistic assumptions, and pessimistic assumptions, respec-
tively) to 69.8 $ kW h�1 in 2030 (68.8 to 70.8 $ kW h�1), representing
a cell cost decline of 33.1 $ kW h�1 in this time period.

This reduction can be attributed to the effects of technolo-
gical innovations on both, cell material and processing costs.
Since a fixed automotive pouch cell format is assumed through-
out the time period, the change to higher specific capacities in
cathode (NMC955) and anode (SiOx content of 5%) materials
results in an increase of cell energy density of 21%. This has a
threefold effect on cell cost per amount of energy produced.
First, this results in lower active material cost, second, in lower
cost for inactive materials, and third, in lower cell processing
cost since more energy output can be produced with the same
production equipment and associated labor and energy

consumption. Processing cost are further reduced during this
period by the industrialization of the advanced process tech-
nologies continuous mixing and dry coating, the elimination of
NMP solvents and the final drying step, reduced cycle times in
the cost-driving process steps of stacking, formation and aging,
and a reduction in the rate of rejected cells. This is due to the
fact that, per amount of cell energy produced, lower invest-
ments for machinery and equipment, less labor hours, less
electricity and lower production footprints are required. In
total, between 2020 and 2030, average reductions of 15% for
material cost are calculated and 50% for labor cost, 58% for
plant depreciation, 39% for energy cost, and 74% for material
scrap, respectively.

The impact of increasing raw material prices on cell cost
development

In order to evaluate the impact of tightening raw material
markets on future cell cost development, raw material prices
are annually increased and the effect on cell cost based on the
technology roadmap with average assumptions is calculated. In
Fig. 2a–f, the results for different levels of price increase of the
raw materials lithium, nickel, manganese, cobalt, and graphite
from moderate (up to 2% per annum) to substantial (between
18 to 20% p.a.) are displayed by shaded segments from dark
blue to light blue.

Fig. 2a presents the effect of the combined price increase of
all five analyzed raw materials on cell cost. When examining the
size of the blue segments, the extent of the cell cost sensitivity
to raw material prices becomes apparent (2% p.a. combined
raw material price increase results in a cell cost delta of +8.3%
in 2030). This effect is composed of the cell cost sensitivity to
single raw material prices depicted in Fig. 2b–f, where all other
raw material prices are assumed to remain constant. A closer
analysis shows that cell costs are most and increasingly

Fig. 1 Cell cost trajectory from 2020 to 2030 based on the presented material and process technology roadmap under raw material prices 2020.
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sensitive to variations in nickel prices (2% p.a. increase of raw
material price results in cell cost delta of +4.5% in 2030). While
further significant effects result from increases in graphite
(+1.8%) and lithium prices (+1.4%), cell cost are less and

decreasingly sensitive to cobalt price variations (+0.5%), and
manganese price increases show only a marginal effect on cell
cost (+0.03%). These findings are a logical consequence of
successively replacing cobalt and manganese with nickel when

Fig. 2 Impact of increasing raw material prices on the cell cost development throughout 2030 for all materials combined (a), lithium (b), nickel (c),
manganese (d), cobalt (e), graphite (f), alongside analyst expectations for raw material price developments (g).
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moving from NMC622 to NMC955 in the presented technology
roadmap. While all of the respective raw materials are consid-
ered to represent bottlenecks or involve significant supply risks
in the future,51–54 a literature review of analyst reports revealed
differentiated expectations regarding material-specific price
developments (see ESI† for related sources). The results of this
review are displayed in Fig. 2g as intervals that range from the
lowest (signified by hollow red polygon) to the highest analyst
expectation (signified by solid red polygon) identified in litera-
ture. Prices are expected to annually increase between 4.8 to
12.4% for cobalt, between 2.2 to 9.0% for graphite, between 2.6
to 8.9% for nickel, between 0.6 to 5.6% for lithium, and
between 0.3 to 3.6% for manganese, respectively. The resulting
cell cost impact of these price expectations are displayed as red
segments in Fig. 2a–f, of which the upper bound (solid red
polygons) corresponds to the maximum expected price
increase, and the lower bound to the minimum (hollow red
polygons), respectively. The combined impact of material-
specific price increases on cell cost in 2030 shown in Fig. 2a
ranges from +6.9 to +34.3 $ kW h�1, meaning that cell cost
reductions from technological innovations could be signifi-
cantly slowed down or, under the most pessimistic raw material
price expectations, fully vanish in 2030. When comparing the
cost effect related to analyst expectations for single raw materi-
als shown in Fig. 2b–f, the highest cell cost impact can be
attributed to the nickel price (+4.2 to +19.3 $ kW h�1 in 2030),
followed by graphite (+1.4 to +8.0 $ kW h�1), cobalt (+1.0
to +3.7 $ kW h�1), lithium (+0.3 to +3.2 $ kW h�1), and
manganese (o0.1 $ kW h�1), exposing battery companies,
and further downstream, industries offering battery-powered
products, to a significant nickel price risk.

4. Conclusion

The deduction of the material technology roadmap revealed
that, throughout this decade, nickel-rich LIB chemistries are
expected to remain in a dominant market position in auto-
motive applications and that increasing their nickel content is
considered a major development path to increase energy den-
sity and reduce cost. The establishment of the process tech-
nology roadmap showed that experts anticipate significant
improvements in large-scale LIB production by continuous
mixing in the first half, and the elimination of NMP solvents,
the elimination of the final drying step, and the industrializa-
tion of dry coating in the second half of the decade. Experts
further expect increasing efficiencies for the process steps of
stacking, formation, and aging. Both, improvements in cell
material composition and production process translated into a
cell cost reduction from above 100 $ kW h�1 in 2020 to around
70 $ kW h�1 in 2030, given that raw material prices remain at
their current level. However, the combined analysis of cell cost
sensitivity and analyst expectations regarding raw material
price increases showed that cell cost declines might signifi-
cantly flatten or, under the highest expected price increases,
fully vanish by tightening raw material markets. Nickel in

particular has been shown to represent a high price risk for
cell cost with the potential to increase 2030 cell cost by up to
20 $ kW h�1. This adds to an already elevated environmental
impact of nickel-containing batteries, ranging from greenhouse
gas and SO2 emissions, soil contamination, to biodiversity loss,
associated with nickel mining and downstream refining,55

confronting the industry with a twofold challenge: Providing
sufficient nickel supply to support an economically feasible
mobility transition while rendering this transition ecologically
sound. Regarding the first aspect, industry measures should
aim to increase nickel supply by the global exploration of new
sources available for battery production. These sources can
include new mining activities such as greenfield projects (e.g.,
Central Musgrave project, Australia56) and brownfield expan-
sions (e.g., Sorowako, Indonesia16) mainly for laterite ores, the
conversion of lower-grade intermediates (e.g., nickel pig iron,
nickel matte57) to battery-grade nickel, the development of
untapped geological nickel resources (e.g., manganese nodules
from deep sea mining58,59), and the full use of the recycling
potential from discarded nickel-containing products.60 How-
ever, regarding the second aspect, for all of these measures
substantial advances are indispensable for these activities to
become environmentally benign,61,62 a crucial and urgent task
for both academia and industry. In order to mitigate both,
nickel-related price and environmental risks, cell manufac-
turers and automotive producers need to jointly explore
alternative, less nickel-reliant development paths. For less
range-sensitive applications, these include lithium iron phos-
phate (e.g., LFP, LMFP) and manganese-rich (e.g., NCM307)
chemistries. For more range-sensitive applications, develop-
ment efforts should focus on overcoming the durability and
safety challenges that currently impede the widespread adop-
tion of alternative chemistries promising high energy density,
such as high-voltage spinel oxide chemistries (e.g., LNMO with
molar nickel share among transition metals r 50%; to date
suffering from rapid capacity decay due to electrolyte
degradation63–65) and lithium and manganese-rich chemistries
(e.g., LiaNixMnyCozO2, a Z 1, x r 0.2, y Z 0.5; suffering from
voltage and capacity fade, and voltage hysteresis due to oxygen
release and transition metal migration triggered by oxygen
redox activity6,65,66). Further, respective companies should eval-
uate options for vertical integration of sustainable nickel
mining and refining to reduce price risks at global markets,
and to gain competitive advantages by a reduced environmental
production footprint and an elimination of margins for inter-
mediate nickel products.

5. Methods
Definition of material and process technology roadmap

In order to identify a material technology roadmap that reflects
the mainstream development path for automotive applications,
a literature review was conducted on the expectations of recent
analyst sources16,17,22 that are frequently cited in official reports
and whose market intelligence has been publicly available.
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These have been analyzed and regarding cathode active materials,
for each available year between 2020 and 2030 the material with the
highest anticipated market share has been displayed in Table 1.
While the respective sources agree on an increasing nickel content
in the cathode active material, slight variations exist in exact
composition and time of market-dominance and have been harmo-
nized by the authors of this study. Further, analyst sources agree
that graphite will remain the most widely used anode active material
throughout the decade and that silicon additive contents will
increase,30,67,68 yet detailed annual forecasts regarding silicon addi-
tive content are not available. Hence, anode active materials have
been defined based on the available information and two interviews
with material experts. In order to derive a process technology
roadmap, where expectations regarding time of industrialization
are not publicly available, four expert interviews have been con-
ducted in the time between September 2020 and February 2021. The
list of consulted experts is presented in Table 3. Experts have been
selected based on their academic record in the field of battery
manufacturing and their industry expertise on international
process-related innovation activities. All of the consulted experts
have expressed to provide estimates to the best of their knowledge
and without pursuing particular interests of their institutions.

Each interview was conducted as a video call and lasted approxi-
mately ninety minutes. In advance of each interview, an information
document has been sent to each expert consisting of a short
description of the research topic, the results of a literature review
on battery cost forecasting, the interview process, and the format
targeted to structure the technology roadmap later used as the basis
for the cost estimation. All interviews were based on the assumption
of a common large-format pouch cell dedicated to automotive
applications (e.g., see ref. 69) and a large-scale manufacturing
process with an annual production capacity of at least 10 GW h,
and have been conducted in two sequential steps. First, experts were
asked regarding their expectations of new process technologies
along the value chain in a cell plant from electrode production to
cell conditioning that are relevant for cell cost. Second, experts
allocated these innovations to specific years where they expect large-
scale industrialization for automotive applications. In addition, the
expected development of production parameters of the cost-driving
process steps11 electrode coating, cell stacking, formation and aging
were discussed and documented. After the completion of the inter-
view process, experts received their individual technology roadmap
in written form and were given the opportunity to provide feedback
and to adjust their expectations. The individual expectations of
experts are not published due to confidentiality reasons. Based on
the individual technology roadmaps, three scenarios have been
created that vary in their process-related assumptions. An optimistic
scenario, characterized by the earliest industrialization of

innovations and the most optimistic parameter improvements
expected by the interviewees, a pessimistic scenario characterized
by the most pessimistic assumptions, and an average scenario
defined by the arithmetic mean of the expected years for industria-
lization and of the assumed parameters among all expert replies.

Cell cost modeling and raw material prices

The three scenarios obtained from the elicitation of experts have
been separated into annually varying parameter sets that serve as
inputs for the estimation of cell cost in two existing cost models.
Material-related parameters have been fed into a bottom-up energy
and cost estimation model to calculate cell energy and cell material
cost.19 These interim results in turn serve as inputs for a process-
based cost model11 that reflects the cell production process from
material mixing to the finished battery cell and adds processing cost
consisting of depreciation for machinery and building, and costs
related to material scrap, labor, energy, maintenance, and overhead.
The model architecture of both models is described in the respective
publications. For each scenario, the annual cost estimates are
connected to a cost trajectory from 2020 to 2030. For the cost
trajectory at constant raw material prices depicted in Fig. 1, raw
material prices for 2020 identified in a recent study27 have been
assumed (lithium hydroxide LiOH�H2O (56.5%): 7.34 $ kg�1, nickel
sulfate NiSO4(H2O)6: 4.27 $ kg�1, manganese sulfate MnSO4�H2O:
0.89 $ kg�1, cobalt sulfate CoSO4�7H2O: 8.41 $ kg�1, and nature
graphite (high-end): 8.26 $ kg�1). These values have been used as
base prices for the sensitivity analysis depicted in Fig. 2. Regarding
expectations of raw material price increases, a literature review has
been conducted in relevant analyst sources that provided price
forecasts for the respective raw materials (see ESI† for values and
related sources).
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