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Acronyms and ablbreviations
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1. Executive summary

This deliverable presents a Design for Manufacturing (DfM) framework for the Li-ion cell
factory of the future, aimed at supporting technology developers and industrial
planners in translating promising battery concepts into scalable, robust and
competitive production systems. It is based on the observation that successful battery
industrialisation requires more than technological innovation alone: manufacturability,
process robustness, cost efficiency, digital readiness and sustainability must be
addressed from the earliest stages of development.

The proposed framework is structured around five interlinked pillars: cell design,
process design, factory design, digitalisation and data, and sustainability. Across these
pillars, the central message is that battery technologies should not be assessed only
by laboratory performance, but by their ability to remain manufacturable,
confrollable and economically viable under industrial conditions.

Within this context, GIGAGREEN provides a highly relevant application case. The
project combines advanced material development — including an LNMO cathode,
a Si/C anode and an ionic-liquid (IL) electrolyte — with aqueous and NMP-free wet-
electrode processing, prototype-cell design, Digital Twin development and
sustainability assessment within a DfM-oriented approach. This illustrates how material
innovation, process development and industrialisation requirements can be
addressed together in a structured way.

Overall, this deliverable concludes that the battery cell factory of the future will not be
defined by electrochemical performance alone, but by the successful integration of
manufacturability, scale-up robustness, cost efficiency, digitalisation and sustainability.
For Europe, this implies a strategic shift from innovation alone toward innovation
combined with industrialisation capability.
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2. Infroduction

Lithium-ion battery manufacturing during project duration

The recent wave of delayed, cancelled, discontinued or insolvent battery
manufacturing projects in Europe provides an important empirical basis for
understanding the industrialisation risks associated with large-scale cell production.
Publicly available company statements, administrator communications, court or
public records, and established media reporting indicate that these projects were
frequently affected by recurring challenges, including production ramp-up difficulties,
financing constraints, slower-than-expected electric vehicle (EV) market growth,
strategic shifts in chemistry and technology pathways, permitting or site-development
issues, and structural competitiveness disadvantages linked to energy costs or subsidy
asymmetries.[1, 2, 3]

The purpose of the table below is not to provide a definitive forensic assessment of
each case, but rather to identify recurring risk patterns relevant to future Design for
Manufacturing (DfM) guidelines and European industrial policy. In this sense, the cases
summarised below should be understood as illustrative examples based on publicly
reported information, showing where technology development, scale-up readiness,
industrial execution, financing conditions, and policy frameworks were insufficiently
aligned. [4, 5, 6]

A key cross-case observation is that project failure or postponement was rarely
aftributable to a single factor alone. Instead, public reporting points to combinations
of technical, economic and policy-related pressures: for example, production ramp-
up and yield problems coincided with deteriorating capital market conditions; slower
EV demand growth amplified cost pressure; and differences in incentive regimes,
especially between Europe and the United States, influenced investment allocation
decisions, see Table 1. These patterns are highly relevant to DfM because they
underscore that manufacturability, scale-up robustness, cost competitiveness, and
implementation speed must be considered together rather than in isolation.
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Table 1: Overview of Cancelled or Failed Battery Cell / Gigafactory Projects in Europe

Project / Country | Public project status / reference timing Relevance for EU
Company / / and primary causes (high level) industrial policy
Planned Region
Capacity
Northvolt (Ett / | SE/ DE | Northvolt AB filed for bankruptcy in | lllusirafes that even
wider European | / PL Sweden in March 2025; battery cell | Europe’s flagship
expansion) production in Skellefted was | battery  champion
subsequently wound down, with | faced severe
>150 GWh/a reporting in May 2025 indicating | industrialisation,
(combined production would end by end-June. | ramp-up and
announced Company statements cited rising | financing risks,
plans) capital costs, supply-chain and | underscoring the
geopolitical disruptions, shifts in market | importance of
demand, and significant internal ramp- | manufacturability
up challenges in production. Public | and disciplined
reporting also highlighted delays, at-risk | scale-up.
customers, and broader execution
pressure. [7]
ACC —Kaisers- | DE/IT The projects in Germany and ltaly were | Shows how sensitive
lautern & put on standby in 2024 aond were | gigafactory
Termoli publicly reported as definitively shelved | investments are to
in February 202é6. Public reporting cited | market timing, and
~16-40 GWh/a slower-than-expected EV demand [8] | policy certainty.
per site
(publicly
announced
project range)
Morrow NO Morrow Batteries filed for bankruptcy in | Highlights the
Batteries May 2026, after failing fo secure fresh | vulnerability of mid-
financing in time. Publicly reported | scale European cell
~14 GWh/a reasons included inability o secure new | start-ups in capital-
(phased public financing or an industrial investor, rising | intensive ramp-up
target) capital costs, delays in | phases,  especially
industrialisation/ramp-up, a restrained | under strong global
investment market, and global battery | price pressure.
market oversupply with resulting price
pressure. [?9]
Cellforce DE In August 2025, Porsche announced it | Demonstrates the
Group would no longer pursue its planned | challenge of
(Porsche) battery cell production scale-up at | achieving a viable
Cellforce. [10] cost  position  for
~1 GWh/a start- premium or niche
up factory; cell strategies
larger follow-on without sufficient
scale-up had scale and stable
been planned demand.
Britishvolt UK Britishvolt entered administration in | A strong example of
January 2023 after rescue efforts failed. | the risk of
~35-38 GWh/a Public reporting questioned the strength | announcement-led
of the project’'s commercial and | projects without
industrial underpinning. [11] secured long-term
financing and
industrial execution
capability.
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[talvolt T Public reporting in 2023-2024 showed | Useful case for
prolonged delays in site acquisition, | illustrating how
45 GWh/a permitting and financing; court- | financing readiness,
supervised crisis proceedings were | site  maturity and
reported in early 2024. [12] permitting can
become decisive risk
factors long before
factory operation
starts.
FREYR Battery — | NO /EU | FREYR minimised investment in its | Strong example of
European flagship Norwegian project in 2023 and | how subsidy
projects publicly shiffed emphasis to the US. | asymmetries can
Publicly reported drivers included the | redirect capital
>40 GWh/ain attractiveness of US Inflation Reduction | allocation away from
Europe (public Act (IRA) incentives, combined with | Europe and weaken
expansion stfrategic  repriorifisation,  financing | the EU
plans) pressure and  changing market | manufacturing
condifions. pipeline.
[13]
SVOLT Energy — | DE/EU | SVOLT confirmed in late 2024 that it | Indicates that
Europe would end its European commercial | Europe may struggle
operations and would not proceed with | not only to grow
~40 GWh/a the planned German production | local champions, but
combined projects. Company statements cited | also to retain foreign
announced the fact that European EV market | entrants under
plans development had fallen short of | volatile market and
expectations. [14] policy conditions.
DISCLAIMER

The project statuses and cause categories listed above are based on publicly
available company statements, administrator communications, court or public
records, and established media reporting. They are intended to illustrate recurring
industrialisation risks rather than provide definitive forensic assessments of each case.

A significant share of announced European battery cell manufacturing capacity from
2019-2022 has been cancelled or terminated due to scale-up risk, capital intensity,
cost competitiveness and global subsidy asymmetries, rather than due to battery
technology limitations.
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3. Definition of Design-for-Manufacturing
(DfM) In Battery Manufacturing

Design for Manufacturing (DfM) in the context of lithium-ion battery production
pathway, from early-stage concept design to full-scale gigafactory implementation.
As a core engineering methodology, DfM aims to optimize product design for efficient,
reliable, and cost-effective production by incorporating manufacturing constraints
from the earliest stages of development. It focuses on simplifying product structures,
selecting appropriate materials, and ensuring compatibility with available
manufacturing processes to reduce costs, improve quality, and shorten time-to-
market. In the context of lithium-ion batteries, however, DfM must go beyond
conventional product and component design by explicitly addressing the fransition
from laboratory-scale innovation to industrial production systems. [15]

In lithium-ion battery manufacturing, the application of DfM is particularly critical due
to the strong interdependencies between cell design, material properties, and
process performance. Unlike many conventional products, the final performance,
lifetime, and safety of battery cells are not solely determined by their electrochemical
design, but are highly sensitive to manufacturing conditions such as electrode coating
uniformity, drying kinetics, calendering pressure, electrolyte filling, and formation
protocols to give just a few examples. As a result, even minor deviations in process
parameters can lead to significant yield losses or performance degradation, making
manufacturability a central design constraint rather than a downstream
consideration. [15]

A core principle of DfM is the proactive identification and mitigation of manufacturing
challenges during the design phase. This includes selecting materials compatible with
scalable processes, designing electrode architectures that can be produced within
stable process windows, and ensuring tolerances and specifications align with
industrial capabilities. By embedding these considerations early in development, DM
reduces the risk of production bottlenecks, quality issues, and delays during
industrialization.

In the context of battery gigafactories, DM must be extended beyond component-
level optimization fo account for system-level interactions across the entire production
chain. Lithium-ion cell manufacturing involves a sequence of highly interdependent
process steps—ranging from slurry mixing and coating to drying, calendering, cell
assembly, and formation—where local design decisions can have cascading effects
on throughput, yield, energy consumption, and capital efficiency. Therefore, effective
DfM in this domain requires a holistic perspective that considers not only individual
process steps, but also their integration within high-throughput, automated production
environments. [16]

Integrated Definition

Design for Manufacturing (DfM) integrates manufacturability, scalability, cost-
efficiency, and sustainability constraints intfo early-stage cell and process design,
ensuring that lithium-ion battery technologies can be reliably and competitively
produced at industrial gigafactory scale.
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4. Key Faillure Mechanisms — Lessons
Learned

The battery manufacturing projects in Europe and selected neighbouring markets that
have been publicly reported as delayed, cancelled, discontinued, restructured or
insolvent in recent years provide an important evidence base for identifying recurring
industrialisation risks. These cases do not provide definitive forensic assessments of
each project, but they do allow recurring and policy-relevant patterns to be identified
with reasonable confidence. Across the cases reviewed, project setbacks cannot
generally be attributed to a single isolated factor. Instead, public reporting points to
interacting technical, economic and policy-related pressures: production ramp-up
difficulties occurred alongside constrained access to capital; lower-than-expected EV
market growth amplified cost and utilisation pressure; and intfernational differences in
subsidy regimes, energy costs and industrial policy influenced the relative
aftractiveness of investment locations. From a Design for Manufacturing (DfM)
perspective, these patterns are highly relevant because they show that
manufacturability, scale-up readiness, cost competitiveness and implementation
speed must be considered together rather than separately.

Scale-up Failure

A first recurring failure mechanism concerns the difficulty of transferring battery
technologies from laboratory and pilot-scale development into stable, high-volume
industrial production. This transition is widely recognised in the literature as a critical
bottleneck in lithium-ion battery industrialisation, because cell quality, safety and
lifetime depend not only on electrochemical design but also on the reproducibility
and robustness of manufacturing processes such as slurry preparation, coating, drying,
calendering, electrolyte filing and formation. Small deviations in these steps can lead
to substantial yield losses and unstable output when processes are scaled up.

One example is Northvolt (see Table 1) which highlights a recurrent lab-to-pilot-to-giga
mismatch. Technologies can appear technically promising at the development level
while still lacking the process stability, yield performance or throughput compatibility
required for full industrial deployment. In battery manufacturing, such gaps may
manifest as yield collapse, coating non-uniformity, unstable drying behaviour,
contamination sensitivity, or formation-related throughput bottlenecks. The literature
confirms that these scale-dependent effects are central to the industrialisation
challenge in lithium-ion cell production.[16]

DfM implication:

Manufacturing requirements must be embedded early in cell and process
development. From a DfM perspective, technologies should only progress toward
large-scale industrial deployment once they have demonstrated robust process
windows, stable yield development and reproducibility under conditions that are
representative of industrial production.
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Cost Non-Competitiveness

A second recurring failure mechanism concerns cost competitiveness. Publicly
reported project outcomes suggest that technological ambition alone is insufficient
when production concepts are not supported by a cost structure that remains viable
atindustrial scale. In a market environment characterised by global price competition,
substantial overcapacity in some regions, and rapidly evolving chemistry strategies,
even technically sophisticated projects may come under pressure if volumes,
utilisation rates or process economics do not develop as expected. The wider literature
on DfM indicates that a large share of production cost is already determined by early
design decisions, including material system selection, cell format, process chain
complexity and level of standardisation.

The public repositioning of Cellforce Group, Porsche’s battery subsidiary, provides an
illustrative case. In August 2025, Porsche announced that it would no longer pursue the
planned scale-up of its own battery cell production and would instead refocus
Cellforce on research and development activities. The company publicly referred to
slower-than-expected EV market development, especially in the United States and
China, as well as insufficient production volumes and missing economies of scale for
own cell production. While this does not constitute a complete economic assessment
of the project, it clearly points to the challenge of achieving cost-effective production
in lower-volume or more specialised battery strategies. [17]

A further example is ACC, whose projects in Kaiserslautern and Termoli were first put
on standby in 2024 and later publicly reported as definitively shelved in early 2026.
Public reporting cited slower-than-expected EV demand, uncertainty about the
conditions required to restart the projects, and a strategic reassessment foward lower-
cost battery technologies. These developments indicate that cost competitiveness is
shaped not only by plant economics, but also by market timing, chemistry choices
and the credibility of future scale-up assumptions. [18]

More broadly, European and infternational analyses indicate that battery
manufacturing in Europe continues to face structural cost disadvantages relative to
leading production regions, with energy prices, manufacturing efficiency and access
to lower-cost components playing a significant role in the remaining gap. This
reinforces the need to regard cost competitiveness not as a downstream optimisation
exercise, but as an integral design requirement.

DfM implication:

DfM should integrate cost considerations from the outset, including cell architecture,
mafterials, process sequence, level of automation and factory concept. Product and
process choices should be evaluated not only against technical performance targets,
but also against their contribution to a competitive €/kWh cost position under realistic
industrial operating conditions.

Financing and Timeline Risks

A third recurring failure mechanism concerns the combination of financing pressure
and extended industrialisation tfimelines. Battery cell manufacturing projects typically
require substantial front-loaded capital investment, with meaningful revenue
generation only beginning after a prolonged ramp-up phase. Where industrialisation
takes longer than expected, yield improvement is delayed, or market conditions
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weaken during the investment period, the resulting cash burn can become
unsustainable. Publicly documented project cases suggest that this pattern has
played a major role in several recent European battery setbacks. Examples are
Britishvolt, Morrow Batteries and Italovolt, see Table 1. These examples are consistent
with broader reporting on the European battery project pipeline, which indicates that
many announced projects remain delayed, uncertain or subject to postponed
investment decisions. In practice, this means that time-to-yield and time-to-industrial-
stability are just as important as nominal factory capacity. Long ramp-up periods
increase capital exposure and heighten the risk that external conditions change
before a plant reaches economic viability.

DfM implication:

A robust DIM approach should reduce ramp-up complexity and shorten the path to
stable production. This requires product and process concepts that minimise
avoidable sources of variability, support rapid stabilisation of yield and throughput,
and make effective use of standardised and industrially validated equipment and
process modules.

Policy and Ecosystem Gaps

Global subsidy asymmetries

The infroduction of the US Inflation Reduction Act (IRA) significantly altered the
economics of battery manufacturing investment. Analyses by Bruegel, Columbia SIPA,
and other organisations indicate that the IRA created substantial financial incentives
forinvestment in the battery supply chain in the United States and altered the relative
atftractiveness of tfransatlantic projects. In public debates on industrial policy, this shift
has frequently been cited as a factor contributing to delayed orredirected investment
decisions in Europe. [19, 20]

The publicly reported strategic reorientation of FREYR Battery is often mentioned in this
context. Reporting indicated that the company reduced investment intensity in its
European flagship projects and redirected strategic attention to the United States to
benefit from IRA-related incentives. Public sources explicitly referred to the
aftractiveness of US production support as part of this repositioning.

Permitting and project realisation constraints

Publicly reported project histories further indicate that delays in site development,
permitting and administrative implementation can become critical risk multipliers. This
is particularly evident in the case of Italvolt, where public reporting repeatedly cited
unresolved site development, permitting, and administrative hurdles during the pre-
construction phase. These delays appear to have interacted with financing
challenges and confributed to broader project instability.

At a more systemic level, public analyses of the European battery pipeline indicate
that a significant share of announced projects have experienced delays or remain in
prolonged uncertainty. This reinforces the importance of project structures that are not
only technically sound, but also implementation-ready and administratively resilient.

High energy costs

Battery manufacturing is infrinsically energy-intensive, particularly due to drying, dry-
room operatfion and climate-controlled process environments. European policy and
market analyses consistently identify high industrial energy costs as a structural
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disadvantage for battery production in Europe. The International Energy Agency (IEA)
also highlights energy prices as a key confributor to the cost gap between the
European Union and leading battery manufacturing regions, while process-planning
research confirms the importance of dry-room sizing and operation for cost and
energy consumption in lithium-ion cell factories. [21,22]

DfM implication:

DfM should explicitly reflect regional operating conditions. This includes prioritising low-
energy process routes where feasible, reducing infrastructure intensity, improving
material flow and dry-room efficiency, and designing cell concepts that can be
produced robustly even under less favourable European energy and cost conditions.

Synthesis

For thisreason, DfM should be regarded as one of the important pillars within a broader
battery industrialisation framework. By integrating manufacturability, process
robustness, quality and cost considerations early in development, DfM can help
reduce manufacturing-related scale-up risks. However, broader project outcomes
remain strongly influenced by financing conditions, policy frameworks, energy costs,
market development and ecosystem readiness.
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5. DIM Framework for the Li-ion Cell
Factory of the Future

Building on the lessons learned discussed in the previous chapter, this deliverable
proposes a Design for Manufacturing (DfM) framework for future Li-ion gigafactories.
The framework is intended to support technology developers, industrial planners and
manufacturing engineers in translating promising battery concepts into scalable,
robust and competitive production systems. Its focus is on the manufacturing-related
dimensions of industrialisation, in particular manufacturability, process robustness,
throughput, quality stability, cost efficiency, digital readiness and sustainability. In line
with the broader objectives of future European battery production, the framework is
structured around five interlinked pillars: cell design, process design, factory design,
digitalisation and data, and sustainability and circularity.

Within this general framework, GIGAGREEN provides a highly relevant application
context, as the project aims to develop and scale up novel electrode and cell
component manufacturing processes in line with a Design for Manufacturing
approach. The project has a strong focus on reducing the environmental impact and
energy consumption, on safer processing, high-throughput and automation-
compatible concepts, re-use and disassembly-oriented cell design, and the
development of a data-driven Digital Twin. It also targets the elimination of organic
solvents, reducing cell-manufacturing energy consumption by 25%, and reducing
manufacturing costs by 20%.

The framework proposed below is generic and transferable, but it is also consistent
with the practical experience generated in GIGAGREEN. Based on the latest project
reporting, the current DfM baseline is derived primarily from the more mature wet-
electrode scale-up route, while dry-processing approaches are explored as promising
future-oriented options. This distinction is important, because realistic DfM guidance
must be grounded in process routes that have reached sufficient maturity for
meaningful scale-up assessment.

Pillar 1: Cell Design Guidelines

Cell design is the first and most influential DfM lever, because choices made at this
stage shape downstream manufacturability, automation feasibility, process
complexity, quality stability, and pack-level integration. In a gigafactory context, a
cell should not be evaluated solely on energy density or laboratory performance, but
on its compatibility with scalable manufacturing, stable processing windows, and
industrial product architecture. DfM therefore requires that cell format, material
system, dimensional tolerances and assembly interfaces be assessed as part of a
coherent manufacturing concept.

Cell format, automation and pack integration

Current literature indicates that pouch, cylindrical, and prismatic cell formats involve
distinct frade-offs in manufacturability, assembly complexity, thermal management,
structural integration, and cost; cell-format selection should therefore be based on a
multi-criteria industrial assessment rather than on electrochemical performance alone.
[23, 24] In a DfM perspective, the preferred format is the one that offers the best
balance between manufacturability, application fit, and industrial scalability. For
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future European gigafactories, format selection should therefore be linked from the
outset to the targeted process chain, production environment, and downstream
system architecture.

Guideline 1: Cell format selection should be based on an integrated assessment of
manufacturing feasibility, automation compatibility, quality assurance requirements
and pack-level integration, rather than on cell performance alone.

Guideline 2: Designs should minimise unnecessary handling complexity, joining effort
and tolerance stacking, especially where large production volumes are foreseen.

Relevance for GIGAGREEN:

Within GIGAGREEN, the current reference case is based on a 10 Ah multilayer pouch
cell, and manufacturability considerations have already been incorporated into the
cell definition. The pouch-cell concept was defined with attention to electrode
composition, loading, and thickness, as well as to notch design, welding, sealing, and
mechanical pouch-cell design. This makes GIGAGREEN a useful, practical example of
how DfM considerations can be embedded early in the definition of cell architecture
for scale-relevant prototype development.

Material selection: industrial maturity over isolated performance

Material selection should be guided not only by electrochemical performance, but
also by process compatibility, sourcing robustness, safety, recyclability and scale-up
readiness. In battery industrialisation, materials that perform well in small-scale testing
may create significant manufacturability penalties if they require narrow processing
windows, unusual environmental conditions, or unstable supply chains. DfM therefore
favours material systems that are sufficiently mature, process-compatible and
reproducible under industrial conditions.

Guideline 3: Material systems should be screened against manufacturing
compatibility, process robustness, lifecycle implications and realistic scale-up
requirements, in addition to electrochemical performance.

Guideline 4: Novel materials should be transferred into large-scale DfM frameworks
only once their effects on slurry behaviour, coating quality, drying, assembly, safety,
and recyclability are sufficiently understood.

Relevance for GIGAGREEN:

GIGAGREEN is explicitly developing a set of novel battery materials, including binders,
separators, electrolyte components and active materials, adapted to innovative
manufacturing routes. In the current project reference configuration, the prototype
concept integrates an LNMO cathode, a Si/C anode, and an ionic liquid (IL)
electrolyte. This makes GIGAGREEN particularly relevant for illustrating how advanced
material choices must be coupled with manufacturability-oriented process
development rather than treated as standalone material innovations.

Design for realistic industrial tolerances

Battery production is highly sensitive to small deviations in thickness, porosity, edge
quality, moisture, alignment and sealing integrity. For this reason, DfM must be tailored
to realistic industrial process windows, rather than ideal laboratory target values. A cell
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concept that depends on exiremely narrow tolerances is unlikely to remain stable
during ramp-up or high-throughput production.

Guideline 5: Cell design should explicitly account for variation intfroduced during
coating, drying, calendering, slitting, stacking or winding, electrolyte filling and sealing.

Guideline é: Aggressive targets for loading, thickness or energy density should only be
pursued where they remain compatible with reproducible processing and
acceptable industrial yield.

Relevance for GIGAGREEN:

The project’s prototype-oriented work provides a meaningful illustration of this
principle, since considerations of loading, thickness, and manufacturability have
already been embedded in the evolving 10 Ah pouch-cell concept. The current
project work, therefore, reinforces a core DM message: the relevant design target is
not the theoretically best cell, but the best cell that can be manufactured
reproducibly under industrially relevant conditions.

Pillar 2: Process Design Guidelines

The second pillar of the DfM framework concerns the design of the manufacturing
process chain itself. In Li-ion battery production, the process chain is highly
interdependent: variations in one step can propagate into vyield loss, quality
deviations, or throughput constraints in downstream operations. A DfM approach,
therefore, requires that the production chain be considered as an integrated system
rather than as a set of isolated unit operations. Publicly available manufacturing
overviews consistently describe the core production sequence as including mixing,
coating, drying, electrode finishing and cell assembly, with additional cost- and
capital-intensive steps such as electrolyte filing, formation, ageing and end-of-line
quality control. [3] DfM in this context means selecting and parameterising processes
in a way that supports robust throughput, acceptable scrap levels, stable product
quality and cost-competitive operation.

Throughput limits and bottleneck management

Gigafactory output is determined not by nominal installed capacity alone, but by the
slowest stable step in the production chain. Bottlenecks can arise in coating and
drying, in assembly operations, or in later stages such as filing, formation and ageing.
In many practical cases, nominal line speed is less relevant than the highest operating
point that can be maintained with acceptable uniformity, quality and yield. Public
industrial references also highlight the significance of capital-intensive stages such as
filing, formation and end-of-line quality control within the overall production cost
structure. [25]

Guideline 7: Throughput targets should be defined based on stable industrial
operating points, not on the theoretical maximum equipment speed.

Guideline 8: Boftleneck analysis should be integrated into process design from the
earliest stages, including interactions among coating, drying, assembly, and
formation.
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Yield sensitivity and process robustness

In battery manufacturing, yield is a key industrial variable because defects infroduced
early in the process can render downstream value-add ineffective. DM should
therefore focus not only on nominal process capability but also on robustness to
variability in raw materials, environmental conditions, machine behaviour, and scale.
This is particularly important in roll-to-roll processing, where small deviations in rheology,
web behaviour, drying or edge formation can propagate across large coated areas
and large production batches.

Guideline 9: Process design should prioritise repeatability, defect prevention and
stable quality windows over narrow optimisation around ideal conditions.

Guideline 10: Critical process variables should be identified early and linked to
product-quality attributes so that scale-up decisions are driven by measurable
manufacturability criteria.

Electrode manufacturing as a DfM-critical step

Electrode manufacturing remains one of the most critical DfM domains because it
directly influences loading accuracy, microstructure, adhesion, resistance, edge
quality and downstream cell performance. In current industrial practice, wet
processing remains the dominant route, while alternative approaches, such as dry
processing, are receiving increasing attention for their potential sustainability and cost
advantages.[26, 27, 28] Public GIGAGREEN information reflects this broader direction,
emphasising both innovative wet and dry electrode processing techniques and the
ambition to reduce harmful solvents, energy consumption and production cost.

Guideline 11: Mature wet-processing routes should generally remain the baseline for
DfM frameworks where reproducibility and near-term scale-up are the primary
objective.

Guideline 12: Alternative routes such as dry processing should be evaluated as future-
oriented options, but they should only be incorporated into the core DfM baseline
once their manufacturability, scale-up stability and quality control requirements are
sufficiently validated.

Relevance for GIGAGREEN:

This pillar is particularly relevant to GIGAGREEN, since a substantial part of the project’s
development and scale-up work has focused on the aqueous wet-electrode
manufacturing route, which currently forms the main basis of the emerging DfM
framework. The project has reported validation of NMP-free wet processing, while
practical scale-up activities have focused on refining key parameters such as slurry
viscosity, solids content ratio, coating speed, and wet and dry film thicknesses to
improve reproducibility and manufacturability under more industrially relevant
conditions.

At the same time, GIGAGREEN is also exploring dry-processing approaches as
promising future-oriented options. Current review literature describes slurry-based wet
processing as the established industrial baseline for Li-ion electrode production, while
dry-processing routes are receiving increasing attention because of their potential to
reduce solvent use, energy demand, process complexity and manufacturing cost,
even though important scale-up and process-control challenges remain. In this
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context, GIGAGREEN has also investigated laser texturing of the current collector as
an additional process step to improve electrode performance. From a DfM
perspective, thisis arelevant example of the tfrade-off between functional benefit and
manufacturing complexity, since any added process step must also be assessed in
terms of integration effort, throughput impact and suitability for future gigafactory-
scale production.

Pillar 3: Factory Design Principles

The third pillar concerns the factory as a production system. DfM does not end at the
level of product and unit processes; it also requires a factory architecture that supports
stable scale-up, robust material flow, controllable environmental conditions and
efficient operational expansion. Battery-factory planning studies show that facility
layout, buffer strategy, production-environment footprint and dry-room design
materially affect both cost and energy use. [22,29]

Guideline 13: Gigafactory layouts should minimise transport distances, dry-room
exposure, unnecessary buffering and avoidable handling complexity, while
integrating logistics, environmental zoning and quality-control requirements from the
outset.

Guideline 14: Where possible, future gigafactories should avoid unnecessary one-off
line redesigns and instead rely on standardised, scalable, and transferable production
concepts that support qualification, expansion, and ramp-up learning.

Guideline 15: Automation should be used to improve repeatability, fraceability and
quality stability, with inline quality monitoring and the option for future closed-loop
control included from the beginning.

Relevance for GIGAGREEN:

GIGAGREEN provides a relevant bridge between pilot-line development and future
gigafactory practice. The project’s scale-up activities have focused on transferring
lab-scale electrode know-how into more industrially relevant roll-to-roll processing,
thereby generating practical insights into scalable manufacturing conditions.

Pillar 4: Digitalisation and Data

The fourth pillar of the framework is digitalisation. In future battery manufacturing, data
confinuity, predictive analytics and digital quality tools are becoming increasingly
important for reducing complexity, improving process understanding and supporting
faster, more robust scale-up. Public efficiency, and manufacturing performance.
Fraunhofer FFB, for example, distinguishes between building, machine and product
twins in battery production and highlights their role in more efficient and sustainable
manufacturing. [30]

Guideline 16: Gigafactory development should include a structured roadmap for
data integration and Digital Twin development, linking key process parameters,
quality-relevant product variables and production-system behaviour.
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Guideline 17: Digital Twins should be used as practical decision-support tools for
process optimisation, quality prediction, and scale-up assessment, rather than solely
as visualisation tools.

Guideline 18: Traceability and data continuity should be designed end-to-end so that
material data, process conditions, quality events and product identifiers remain
connected throughout manufacturing and later compliance reporting.

Relevance for GIGAGREEN

This pillar is one of the strongest direct links to GIGAGREEN. The project has developed
a data-driven Digital Twin concept for electrode manufacturing, which has already
been implemented as a functional proof-of-concept web application that supports
prediction, dataset analysis, and process-oriented decision support.

At the same time, the current status should be interpreted realistically. The Digital Twin
developed in GIGAGREEN represents an important lab-scale foundation, rather than
a fully infegrated industrial Digital Twin at the pilot-line level. Due to the limited
availability of sufficiently detailed and stochastic pilot-line data, the work focused on
a robust laboratory-scale solution that can serve as a basis for future extensions as
more industrial data become available.

From a DfM perspective, this remains highly relevant: GIGAGREEN has already
identified and structured key process and product parameters for wet-electrode
manufacturing, thereby strengthening the data basis for future scale-up-oriented
modelling and digital process support.

Pillar 5: Sustainability

The fifth pillar concerns sustainability and circularity. In future European battery
manufacturing, sustainability should be freated as a design requirement rather than a
downstream reporting task, since it affects product design, process selection, factory
infrastructure, data management and circularity strategy.

At the same time, both the literature and the project assessment indicate that water-
based electrode processing, the elimination of NMP solvent use, and the use of cobalt-
free or reduced-cobalt chemistries can contribute positively to lowering the
environmental footprint of battery manufacturing, although the overall impact
remains strongly influenced by upstream material production and the degree of
process industrialisation. [31, 32, 33]

Guideline 19: Energy and carbon implications should be considered from the earliest
stage of product and process design, especially for coating, drying, solvent
management and dry-room operation.

Guideline 20: Cell and process design should support solvent reduction, energy
efficiency, recyclability, traceable material composition and, where appropriate,
disassembly and material recovery.

Relevance for GIGAGREEN
This pillar is strongly reflected in GIGAGREEN. Public project information and the latest
reporting show a clear orientation tfoward NMP-free wet processing, reduced energy
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consumption, safer manufacturing, and circular design principles. The project’s
integrated sustainability assessment further indicates that the fransition from laboratory
to pilot scale already enables measurable sustainability improvements, while also
highlighting that long-term competitiveness will depend on further process
optimisation, scale effects and circularity. In this sense, GIGAGREEN provides a
practical example of how DfM can be linked to lifecycle thinking, responsible sourcing
and circularity already during technology development.

Concluding Perspective

Taken together, the five pillars presented above show that future Li-ion gigafactories
cannot be successfully designed through the isolated optimisation of cell chemistry,
process tfechnology, or factory infrastructure alone. Instead, competitive
industrialisation requires an integrated Design for Manufacturing (DfM) perspective
that links cell design, process robustness, factory architecture, digitalisation and
sustainability from the earliest stages of development.

In this context, DfM should be understood as a structured decision-support framework
for reducing manufacturing-related industrialisation risks. Its main contribution is to
improve the alignment between technology development and the practical
requirements of scale-up, automation, quality stability, cost efficiency and circularity.
At the same time, DfM does not replace broader industrial conditions such as
financing, market development, energy prices, policy support or supply-chain
resilience. Rather, it provides one important technical-industrial pillar within a wider
battery industrialisation strategy.

The experience generated in GIGAGREEN illustrates this logic particularly well. The
project shows how advanced material concepts, aqueous wet-electrode processing,
prototype cell design, digital tools and sustainability assessment can be connected
within a manufacturing-oriented development framework. At the same time, it also
highlights an important practical lesson: future-oriented technologies should be
explored and assessed early, but the operational DfM baseline for industrial guidance
should remain grounded in those process routes that have achieved sufficient maturity
for meaningful scale-up evaluation.

For this reason, the framework proposed in this deliverable is infended not as a fixed
recipe, but as a transferable and evolving reference structure for the Li-ion cell factory
of the future. Its purpose is to help technology developers and industrial planners make
earlier, more robust and more scalable design decisions—thereby increasing the
likelihood that promising battery concepts can be translated into stable, efficient and
competitive European manufacturing.

20

Funded by the European Union under grant agreement N° 101069707. Views and opinions
expressed are however those of the author(s) only and do not necessarily reflect those of the
European Union or the European Climate, Infrastructure and Environment Executive Agency
(CINEA). Neither the European Union nor CINEA can be held responsible for them.



6. Cross-Cutting Trade-offs

The DfM framework presented in the previous chapter should not be interpreted as a
fixed checklist in which all objectives can be maximised simultaneously. In practice,
battery industrialisation requires continuous frade-offs between technical
performance, manufacturability, cost, sustainability, flexibility and scale-up readiness.
Current literature on battery design and manufacturing consistently shows that
choices that improve one dimension of performance often create new constraints
elsewhere in the product, process or factory system. For this reason, DfM is best
understood as a structured approach for managing such trade-offs rather than
eliminating them entirely. [24]

Performance vs. Manufacturability

A first recurring trade-off concerns the relationship between electrochemical
performance and manufacturability. High-loading electrodes, thin separator
concepts, advanced chemistries or highly optimised cell architectures may improve
energy density or performance at laboratory scale, but they often increase sensitivity
to coating quality, drying behaviour, calendering, electrolyte wetting, assembly
tolerances and process variability. From an industrial perspective, the relevant target
is therefore not the highest-performing cell under ideal conditions, but the highest-
performing cell that can be manufactured reproducibly, safely and at acceptable
yield under large-scale production conditions. [16, 34]

Innovation vs. Industrial Maturity

A second major tfrade-off lies between novelty and industrial maturity. New processing
routes, material systems and component concepts are essential for long-term battery
competitiveness, but they can also infroduce uncertainty in scale-up, quality control,
equipment compatibility and cost. This is particularly evident in the current discussion
around dry-processing routes, which are increasingly recognised for their potential to
reduce solvent use, energy demand and manufacturing complexity, yet still face
important challenges related to process stability, product quality and industrial
implementation.

From a DfM perspective, this implies that not every promising innovation should
immediately become part of the industrial baseline. A robust industrialisation strategy
should distinguish between reference process routes, which are mature enough to
support reliable scale-up, and exploratory process routes, which remain strategically
relevant but require further validation before they can be used to define the
production concept. This distinction is particularly important for gigafactory planning,
where premature commitment to immature technologies can amplify ramp-up risks
and delay the onset of stable production. [34, 35]

Throughput vs. Quality Robustness

A third trade-off concerns throughput ambition versus quality robustness. In
gigafactory settings, there is strong pressure to maximise line speed, reduce cycle
times and increase utilisation. However, battery manufacturing is highly sensitive to
deviations in slurry behaviour, coating uniformity, drying, alignment and
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contamination. As a result, the highest mechanical line speed is rarely the same as the
highest stable industrial operating point. Public industrial and review literature
repeatedly emphasises that product quality and process stability must define the
feasible throughput envelope, especially in roll-to-roll processing and downstream
finishing steps.

This tfrade-off becomes even more relevant where bottlenecks shift across the line.
Improvements in one unit operation may simply transfer the constraint to drying,
assembly, filing, formation or quality control. DM therefore requires that throughput
targets be evaluated together with defect rates, process window width, buffer logic,
and downstream capacity limits. In practical terms, a slightly slower but more
reproducible line can be economically preferable to a nominally faster line with
unstable yield and higher scrap.

Sustainability vs. Cost and Industrial Simplicity

A fourth frade-off concerns sustainability, cost, and implementation complexity.
Cleaner manufacturing routes, lower-energy process concepts, dry-room
optimisation, direct recycling and solvent reduction can improve environmental
performance, but they may also require new equipment, process redesign, additional
qualification effort or temporary cost burdens during industrialisation. At the same
fime, several studies show that some sustainability-oriented choices — such as water-
based processing, solvent reduction, lower-energy drying concepts or circular
material recovery — can become economically beneficial once processes are
sufficiently mature and scaled. The challenge is therefore not whether sustainability
matters, but how quickly it can be integrated without undermining manufacturability
or industrial timing. [36]

This issue is particularly relevant in Europe, where battery production faces strong
pressure to combine cost competitiveness with lower environmental impact. DM
should therefore avoid treating sustainability as an “"add-on” and instead consider it
alongside factory design, process route selection, and material strategy from the
outset. In many cases, the most sustainable solution will not be the one with the lowest
initial process complexity, but the one that delivers robust environmental gains without
creating disproportionate scale-up risk. [37]

Flexibility vs. Standardisation and Throughput

A further cross-cutting trade-off concerns flexibility, standardisation and throughput.
Future battery factories should remain capable of adapting to changes in cell design,
chemistry and market requirements. However, greater production flexibility can also
increase line complexity, qualification effort, process variability and changeover
requirements, which may reduce achievable throughput or shift the stable operating
point away from its optimum. In battery manufacturing, this is particularly relevant
because different cell formats and designs may require distinct process routes,
equipment concepts, and assembly steps. As a result, highly flexible production
systems may offer strategic advantages, but dedicated, more standardised lines often
remain superior in terms of throughput, qualification simplicity, and industrial stability.
[38]
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Relevance for GIGAGREEN

These trade-offs are also visible in GIGAGREEN. The project combines advanced
material concepts, wet- and dry-processing development, prototype-cell design,
Digital Twin work, and sustainability assessment, which naturally creates interactions
among performance targets, manufacturability, process maturity, and scale-up
readiness. In particular, GIGAGREEN illustrates the practical need to balance
innovation with industrial maturity, for example by deriving the current DIM baseline
primarily from the more mature aqueous wet-electrode route while continuing to
assess dry processing and other advanced approaches as future-oriented options. In
this sense, the project provides a useful demonstration of how DfM can support
structured decision-making under real development trade-offs rather than under
idealised single-objective optimisation.
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/. Recommended DfM Workflow for
Industrialisation

Table 2. Recommended Design for Manufacturing (DfM) workflow for the Li-ion cell factory of the future, including
indicative Go/No-Go criteria across the main industrialisation stages.

Stage

Concept
Stage

Lab
Validation

Pilot-Line
Validation

Industrial
Design
Freeze

Giga-
Scale
Ramp-up

Main Objective

Screen the cell concept, material
system and infended process
roufe against basic
manufacturability, cost and
sustainability logic before major
development effort is committed.
Early design choices strongly
influence later manufacturing
complexity and industrial viability.

Demonstrate that the selected
concept can be fabricated
reproducibly at lab scale and
that critical product—process
relationships are sufficiently
understood to justify scale-up.

Verify whether the concept
remains stable under larger
batches, roll-to-roll processing
and more realistic production
dynamics. This is the key bridge
between laboratory feasibility
and industrial relevance.

Freeze the product, process, and
production-system concept at a
level sufficiently stable for
industrial implementation,
equipment definition, and
investment planning.

Transfer a sufficiently mature
manufacturing system into stable
high-volume operation through
confrolled yield improvement,
bottleneck management,
qudlification and data-based
process stabilisation. Ramp-up
should validate industrial
robustness, not replace missing
development work.

Go / No-Go Criteria

- Cell format and architecture are compatible with a
realistic industrial production route

- Key materials are available, process-compatible
and do not require obviously unmanageable
handling conditions

- No critical manufacturability barrier is identified at
concept level (e.g. coating, assembly, sealing,
moisture sensitivity)

- Preliminary cost and sustainability logic is
acceptable for continued development

- Reproducible lab-scale fabrication has been
demonstrated

- Critical process variables are identified and linked to
relevant product-quality aftributes

- No unresolved safety or handling issue blocks further
development

- Initial electrochemical and manufacturability results
justify continuation

- Experimental data are sufficiently structured to
support later scale-up modelling

- Stable pilot-line processing has been demonstrated
over relevant batch sizes and run times

- Yield and defect behaviour are acceptable and
frending towards industrially viable levels

- Major bofttlenecks and throughput constraints are
identified and understood

- Product quality remains within folerances under
pilot-scale conditions

- Process data support a credible pathway tfoward
industrial confrol, qualification and scale-up

- Product and process specifications are sufficiently
stable for industrial implementation

- Major process windows and critical confrol
parameters are defined

- Equipment concept, line assumptions and quality-
control requirements are understood

- Cost, throughput and sustainability assumptions are
credible af pre-industrial level

- No major unresolved issue remains that would likely
frigger redesign during deployment

- Yield development is stable and improving toward
target levels

- Bottlenecks are known and actively managed

- Inline quality monitoring and fraceability are
operational

- Throughput increases do not cause unacceptable
quality loss or scrap escalation

- The production system shows credible progress
toward stable and cost-competitive industrial
operation
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Taken together, the workflow in Table 2 reflects a simple but important DfM principle:
scale-up decisions should be made only when manufacturability maturity justifies
them. In other words, progression from one stage to the next should not be driven by
performance results alone, but by the combined readiness of the cell concept, the
process chain, the available data basis and the expected industrial operating
window. This approach helps reduce the risk of late redesign, unstable ramp-up,
excessive scrap and misalignment between R&D output and gigafactory
requirements.

Relevance for GIGAGREEN

This workflow is also consistent with GIGAGREEN's practical logic. The project combines
concept development, laboratory-scale process understanding, pilot-scale wet-
electrode scale-up, prototype-cell definition, Digital Twin development and
sustainability assessment, which together reflect the main stages of a DfM-oriented
industrialisation pathway. At the same time, the project experience also underlines the
importance of maturity-based progression: process routes with sufficient validation,
such as the aqueous wet-electrode route, provide the current DM baseline, while less
mature options remain strategically relevant but require further validation before they
can support industrial guidance at a larger scale.
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8. Key performance indicators & Metrics
for DIM

While the stage-gated workflow helps structure industrialisation decisions, practical
implementation also requires a limited set of measurable indicators. The following Key
performance indicators (KPIs) (in Table 3) are therefore proposed as a compact set
for evaluating manufacturability, scale-up readiness, cost competitiveness, and
sustainability in Li-ion cell production.

Table 3. Recommended KPIs and evaluation criteria to support DfM-based decision-making across the main
stages of Li-ion cell industrialisation.

KPI Relevance for DM Typical interpretation
Yield Measures manufacturing robustness Higher is better
Scrap rate Indicates defect and waste intensity Lower is better

Stable throughput
Throughput Indicates industrial productivity more relevant than
theoretical maximum

Ramp-up time  Captures time to stable production Shorter is better
€/kWh Measures industrial cost competitiveness  Lower is better
Energy

consumption Captures sustainability and operating cost  Lower is better
per kWh output

Critical defect

Indicates quality risk Lower is better
rate
Traceability /
inline quality Indicates digital-industrial control readiness Higher is better

coverage

26
Funded by the European Union under grant agreement N° 101069707. Views and opinions
expressed are however those of the author(s) only and do not necessarily reflect those of the
European Union or the European Climate, Infrastructure and Environment Executive Agency
(CINEA). Neither the European Union nor CINEA can be held responsible for them. GIGAG RE E N



9. Policy Recommendations at EU Level

The analysis presented in this deliverable suggests that future battery competitiveness
in Europe depends not only on improved Design for Manufacturing (DfM), but also on
framework conditions that support faster implementation, lower industrial risk and
more competitive operating conditions. The following recommendations, therefore,
focus on policy areas where EU-level action can most directly improve the
industrialisation environment for battery manufacturing. [39, 40]

Recommendation 1: Accelerate permitting and project implementation
The EU and Member States should further accelerate permitting and project
implementation for battery manufacturing and related supply-chain assets, building
on the Net-Zero Industry Act and the Critical Raw Materials Act, to reduce uncertainty,
shorten time-to-construction, and improve investment credibility. [39,41]

Recommendation 2: Strengthen CAPEX and ramp-up support

EU-level support should place stronger emphasis on ramp-up and first industrial
deployment, complementing CAPEX support with instruments that reduce the
financial risk of qualification, yield development and early production scaling. Existing
tools such as IPCEIl Batteries, Innovation Fund support and the Battery Booster Facility
provide a useful basis but should be expanded and coordinated more strategically.
[42]

Recommendation 3: Improve energy cost competitiveness

The EU should continue to strengthen measures to reduce industrial energy costs and
improve access to competitively priced clean electricity. For battery manufacturing,
this is especially important because drying, dry-room operation and thermal freatment
are highly electricity-intensive and directly affect cost competitiveness. The objectives
of the Clean Industrial Deal and the Action Plan for Affordable Energy are therefore
highly relevant to the future viability of European battery production. [40, 43]
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10. Conclusions

This deliverable has shown that the future competitiveness of Li-ion cell manufacturing
in Europe depends not only on technological innovation, but on the ability to translate
innovation into scalable, robust and cost-competitive industrial production. Recent
project failures, delays, and restructuring cases across the European battery
landscape show that ambitious fechnology roadmayps alone are insufficient. Publicly
reported project outcomes instead point to a combination of manufacturing, market,
financial, and policy-related risks that need to be addressed in a more integrated way.

In this context, Design for Manufacturing (DfM) should be regarded as a key enabling
framework for battery industrialisation. Its importance lies in the fact that it connects
product design, process design, factory design, digitalisation and sustainability info a
shared industrial logic. Rather than treating manufacturability as a late-stage
optimisation task, DM helps to integrate industrial constraints early enough to reduce
scale-up risk, avoid costly redesign and improve the likelihood of stable and
competitive production at gigafactory scale.

The framework proposed in this deliverable highlights five interdependent pillars for the
Li-ion cell factory of the future: cell design, process design, factory design, digitalisation
and data, and sustainability. Across all five pillars, a common message emerges:
battery technologies should not be assessed on laboratory performance alone, but
on their ability to remain manufacturable, controllable, economically viable and
environmentally credible under industrial conditions. In this sense, the most valuable
innovations are not only those that improve cell performance but also those that can
be reliably transferred to high-throughput manufacturing.

A central conclusion of this work is that Europe must increasingly shift its strategic focus
from innovation alone to innovation combined with industrialisation capability. Europe
already possesses strong competencies in battery materials research, cell
development and sustainability-oriented innovation. However, the long-term success
of the European battery industry will depend on whether these strengths can be
converted into industrially mature processes, stable ramp-up pathways and
competitive manufacturing systems. This requires not only strong R&D but also greater
attention to manufacturability, pilot-to-giga transition, industrial learning, digital
process intelligence, and circularity-oriented production design.

In this regard, GIGAGREEN provides a relevant and constructive application case. The
project demonstrates how advanced materials, aqueous wet-electrode processing,
prototype-cell development, Digital Twin work and sustainability assessment can be
brought together within a DfM-oriented framework. At the same time, it also illustrates
an important practical lesson: future-oriented technologies should be explored early,
but industrial guidance should be based primarily on those process routes that have
reached sufficient maturity for meaningful scale-up evaluation.

Overall, this deliverable supports a clear conclusion: the battery cell factory of the
future will not be defined by electrochemical performance alone, but by the
successful integration of manufacturability, scale-up robustness, cost efficiency,
digitalisation and sustainability. For Europe, this means that the next phase of battery
leadership must be built not only on better cells, but on better industrialisation.
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