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Executive Summary

There are several CRMs (Critical Raw Materials) present in Li-ion batteries (e.g. lithium, cobalt,
and nickel). Battery recycling can be an effective way to achieve to secure supply of such
valuable metals for Europe and, more specifically, the Netherlands. However, in the
Netherlands, current and near-term recycling capacities remain limited due to a complex
interplay of factors across the battery ecosystem. This report reviews eight pillars that shape
the following pre-conditions: demand for recycled materials, access to feedstock, availability of
recycling technology, access to energy, permitting, regulation & legislation, human resources,
and environmental aspects. Recent national policy developments further underline these
challenges, highlighting ongoing dependencies and structural barriers in scaling a domestic
battery value chain.

The report outlines what is required to enable industrial, hydrometallurgical Li-ion battery
recycling activities in the Netherlands in case there is a final investment decision. It presents
the current level of readiness and identifies key enabling and limiting factors structured over
the eight pillars. Each pillar is examined in terms of its current status, the key opportunities it
brings, and challenges it presents. Where relevant, possible actions to help overcome the
barriers are identified. Although this report focuses on the Dutch ecosystem, the picture is not
complete without considering the broader EU landscape. Therefore, the Dutch battery recycling
value chain is assessed in the context of wider developments across the EU.

While we recognize that the economics of battery recycling is a main pillar, for the scope of this
study it was decided to exclude economic assessment and business case analyses. This focus
allows us to explore the compatibility of hydrometallurgical processing with the Dutch industry,
leveraging existing knowledge from prior projects on Li-ion batteries. Here, the main findings

per pillar are summarized.

Demand for Recycled
Materials

Human @
Capital

Environmental Recycling
Aspects Technologies
Regulations

Demand for recycled materials (critical and strategic) such as lithium, cobalt, nickel, and
manganese is expected to grow, driven by expanding European battery manufacturing and
binding EU requirements for recovery rates and recycled content. At the same time, Dutch
domestic demand is currently limited because the Netherlands does not host a large-scale
battery cell manufacturer. This creates uncertainty for recyclers and often results in recycling
feedstock being processed abroad.

Access to
Feedstock

Permitting
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Access to feedstock is a key constraint for recyclers. Current Dutch volumes of end-of-life
batteries and production scrap are insufficient to feed an industrial-scale recycling facility,
which typically requires at least around 10,000 tonnes of input per year. European production
scrap has a bigger volume now, while end-of-life EV and stationary-storage batteries will
increase mainly after 2030. This points to the need for cross-border sourcing, stronger
collection systems (especially for portable and industrial batteries), and measures to reduce
leakage via exports of used EVs and black mass.

Recycling Technologies and ecosystems for end-of-life batteries are available in the
Netherlands for collection, dismantling, and pretreatment, but industrial-scale
hydrometallurgical refining is not yet operational in the Netherlands. Several national R&D
initiatives are building capability in black-mass refining and recovery routes, including NMC and
lower-value chemistries such as LFP. Scaling is likely to require recycling processes that can
accommodate mixed and emerging battery chemistries, increased standardization and
automation in disassembly, and sufficient throughput to achieve economic scale. Partnerships
and technology transfer may help accelerate deployment.

Access to energy is a pre-condition, especially given grid congestion and comparatively high
Dutch industrial electricity prices. While hydrometallurgical routes can be less energy-intensive
than pyrometallurgical alternatives, a large facility still requires substantial electricity supply.
Options to manage this include lower initial grid connections, flexible grid contracts that reflect
actual demand, shared-energy hubs with neighboring industries, and sitting near industrial
clusters with relevant infrastructure and experience.

Permitting is a central challenge, partly because the integration of EU requirements into
national practice is still evolving. Establishing a hydrometallurgical recycling plant requires
navigating through a layered legal framework and multiple permits (environmental, waste,
water discharge, and construction-related), necessitating extensive studies (e.g., risk, soil,
acoustics, fire safety, ecology, nitrogen). Responsibilities are spread across authorities, and
limited familiarity with Li-ion battery recycling is extending timelines. Early engagement with
authorities and the use of national support structures can help clarify requirements and reduce
delays. In addition, a permit support service desk could provide additional relief in this relatively
new permitting field.

Regulation and legislation are evolving quickly and shape both demand for recycled
materials and operational conditions for recycling facilities. The EU Battery Regulation sets
binding targets for collection, recycling efficiency, material recovery, and minimum recycled
content, while the Critical Raw Materials Act strengthens the strategic rationale for European
recycling capacity. However, national implementation and alignment with existing regulations
can be slow and sometimes unclear, which adds uncertainty for investors and permitting
authorities.

Human resources for recycling industry are generally not seen as the primary constraint,
supported by the Netherlands’ strong engineering base and relevant chemical and process-
industry expertise. That said, capacity constraints within competent authorities can contribute
to slower permitting.
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Environmental considerations are central when it comes to recycling, thus environmental
impacts must be managed carefully. Conventional hydrometallurgical routes can be water- and
chemical-intensive and generate wastewater streams that require robust treatment and
permitting. Improving environmental performance will depend on process integration, reagent
and water recirculation, and approaches that reduce the most intensive steps while maintaining
high recovery and product quality.

In conclusion, scaling battery recycling in the Netherlands will require coordinated progress
across the above mentioned eight pillars. Near-term priorities include improving feedstock
access, reducing permitting uncertainty. As well as, translating EU requirements into clear,
workable national practice, alongside partnerships that connect Dutch pretreatment with
refining and European offtake markets.
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Visual summary

Towards Battery Recycling in the Netherlands m innovation

, : : , o for life
Assessing readiness, bottlenecks, and pathways to industrial-scale facilities

Dutch value chain strengths and Key bottlenecks for scaling battery Steps towards a Dutch battery
gaps recycling recycling ecosystem
| - The Dutch strengths to build on are collection
Battery Feedstock gap & logistics, high technical standardis, strong
Manufacturing Current available feedstock is far below research & knowledge position, and industrial
Not existing the threshold needed for a refinery. Around collaboration.
800 t/y of EoL batteries collected in NL,
while a recycling plant requires 10,000 t/fy To improve our position, we recommend to
black mass. secure system alignment and:
- - invest in cleaner and scalable technologies
Material coordinate and accelerate permitting
Refining Use Phase Material Demand - clarify and align national & EU policy
Weak Requlati : ing d df support feedstock retention & cross-
egulations are securing demand for
recycled materials within the EU but border access
1 E implementation in NL is still in progress. - Improve availability of affordable energy
k_ ‘J and industrial locations
Pretreatment Collection - Permitting
In development Fairly Strong v
= Long lead times create investor uncertainty.
. . Typical permitting time of 2 to 5 years.
1 1
1 |
1 - 1 Energy Need
1 Logistics 1 High energy demand adds cost and grid
1 Bireng I pressure. 50 to 55 GWh annual energy need
: : for a typical refinery of 10,000 t/y.
| 1
1 _ 1
' 1% 1 Technologies
N Export - M Environmental and economic aspects can
Loss of materials improve with circular and scalable recycling
technologies.

) TNO Public 6/89



) TNO Public) TNO-2026-17095

Contents

EXECULIVE SUMMIAIY ...ttt e sttt e e st e e e ee e e e nenee s 3
o] o] LSV F= L1 [ 1SR 8
1 Context of battery recycling and CRMS .........oooiiiiiiiie e 10
1.1 Study scope and MEethodOIOY ............ueiiiiiiii e 14
1.2 Dutch battery reCyCling landSCape .........coiiiiieiiiee e 15
2 Pillars for battery reCyClNgG......oooo oo 18
21 Demand for recycled MaterialS ..........cooui i e e 19
22 ACCESS 10 FEEASTOCK. ...ttt ettt et e e e ettt e s abe e e e anbe e e e anbeeeaanbeeeaansneaeanes 26
23 Availability of recycling teChNOIOGY .......ccoiiiiiiiiiie e 34
24 F el (oI =Y o 1= o YRR OUPPPOUPRR 40
25 T4 4111 T RSP PUPRUUPR 44
26 Regulation & [€GISIAtioN ... neeas 49
27 HUMI@N FESOUICES ...ttt e ekttt e et e e e e sttt e e e ab e e e e e bt e e e e msbe e e snbeeeenbeeeaanneas 52
2.8 ENVIronmMeNtal @SPECES .......eiiiiiiiiiiiiiiei e e e e e e e e e reeeeeaaan 54
29 AdAItIONAI FEMAIKS ...ttt ettt e e et e e e e et et e e aatreeeatneeeanes 59
3 Validation Of fINAINGS ... .eeeeeei e e e e e 60
3.1 1111 oY o] Yo 1Y 2SR 60
3.2 Access to feedstock and regulations are considered most critical .............ccccoviiieiiiiiiie e 61
4 Concluding remarks: What it will take to scale battery recycling in the Netherlands ...65
5 RETEIENCES. ...ttt e e e e e et e e e e e s e st b b e e e e e e e e nreaaeaaeeas 67
Appendices
Appendix A: List of interviewed organizations 69
Appendix B:  Overview of all opportunities and challenges identified 70
Appendix C: Legal analysis of recycling in the Netherlands 71
Appendix D:  Additional information on survey 86
) TNO Public 7/89



) TNO Public) TNO-2026-17095

Abbreviations

Abbreviation Meanin

ARN Auto Recycling Nederland

BEV Battery Electric Vehicle

BR Battery Regulation

BCC Battery Competence Center

CAPEX Capital Expenditure

Co Cobalt

CRMs Critical Raw Materials

CRMA Critical Raw Materials Act

Cu Copper

EIB European Investment Bank

EoL End of Life

EN English

EP European Parliament

EPR Extended Producer Responsibility

ESS Energy Storage System

EU European Union

EV Electric Vehicle

GWh Gigawatt-hour

HBO Hoger Beroepsonderwijs
(Dutch higher professional education)

IEA International Energy Agency

IKC Indirecte Kostencompensatie
(Indirect Cost Compensation)

lenW Ministerie van Infrastructuur en Waterstaat
(Ministry of Infrastructure and Water Management)

kWh Kilowatt-hour

LCO Lithium Cobalt Oxide

LFP Lithium Iron Phosphate

Li Lithium

LiB/LiBs Lithium-ion Battery / Batteries

LMFP Lithium Manganese Iron Phosphate

LMO Lithium Manganese Oxide

MBO Middelbaar Beroepsonderwijs
(Dutch secondary vocational education)

Mn Manganese

NCA Nickel Cobalt Aluminum Oxide

Ni Nickel

NiCd Nickel Cadmium

NiMH Nickel Metal Hydride

NMC Nickel Manganese Cobalt Oxide

OPEX Operational Expenditure

OEM Original Equipment Manufacturer

Pb Lead

pCAM Precursor Cathode Active Material

PoR Port of Rotterdam
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Abbreviation \ Meaning \

PRO Producer Responsibility Organization

R&D Research and Development

REE Rare Earth Elements

TRL Technology Readiness Level

TU/e Technische Universiteit Eindhoven

VNCI Vereniging van de Nederlandse Chemische Industrie
(Association of the Dutch Chemical Industry)

WFD Waste Framework Directive

WO Wetenschappelijk Onderwijs (Dutch academic
education)
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1 Context of battery recycling
and CRMs

Critical (and Strategic) Raw Materials (CRMs) such as lithium, cobalt, copper, and nickel play
an essential role in a wide range of modern technologies, including renewable energy systems,
electronics, and batteries. Their importance is only expected to grow as global industries
continue to electrify and decarbonize. Yet, the supply of these materials is limited, often
concentrated in a few countries, and increasingly exposed to geopolitical risks such as export
restrictions. Figure 1.1 shows the distribution of international refining capacity to supply four
CRMs vital for the battery industry, extracted from IEA data. It illustrates the dominance of
China in supply for most of these metals until 2040. In this context, building up local capacities
to recover CRMs through recycling is not just a matter of environmental responsibility to reduce
waste, it is becoming a strategic necessity for industrial resilience and technological
sovereignty.
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Source: Data from [1]

Figure 1.1: The international distribution of refining capacities of four key energy transition elements.

Recent policy developments at the national level further underline the urgency and complexity
of developing a battery recycling ecosystem in the Netherlands. In its December 2025 progress
update (Kamerbrief) [2] on the national batteries strategy, the Dutch Ministry of Infrastructure
and Water Management (Ministerie van lenW) highlights the strategic importance of batteries
for the energy transition. This update was prepared in collaboration with an expert team and
the National Growth Fund ‘Material Independence & Circular Batteries’. It also points to
persistent structural challenges in the sector, particularly Europe’s strong dependence on Asian
value chains and vulnerabilities in raw material supply. The strategy emphasizes a coordinated
approach across key areas, including raw materials, circularity, safety, economic development,
and the energy system. While progress is being made, the government explicitly notes that
challenges related to supply chain resilience, industrial scaling, and regulatory implementation
remain significant, reinforcing the need for a systemic perspective on battery recycling
development in the Netherlands. As a next step, commissioned by the Ministry of lenW, a
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Dutch Roadmap on Battery Systems is currently being developed. The roadmap is expected
to outline actions to strengthen the resilience and competitiveness of the Dutch battery value
chain, in alignment with the aforementioned Kamerbrief.

One of the most prominent sources of recyclable CRMs is end-of-life (EoL) lithium-ion batteries
(Li-ion batteries), which are used extensively in electric vehicles (EV), consumer and portable
electronics, and stationary energy storage. As battery production rapidly scales up across
Europe, projected to reach around 2,000 GWh by 2030 from just 25 GWh in 2020, the volume
of EoL batteries is also set to increase [3]. This substantial waste stream necessitates proper
waste management systems and robust recycling infrastructure to handle the growing volume
of recyclable batteries.

Li-ion battery recycling consists of two key stages (see Figure 1.2), “pretreatment” which
prepares EoL batteries for processing, and “material recovery” typically involving
hydrometallurgical methods to extract battery-grade materials. Pretreatment combines
mechanical shredding and sorting with thermal processes to remove organics, producing “black
mass” that contains valuable battery metals like nickel, cobalt, lithium, and graphite. Material
recovery extracts and refines these metals from black mass using advanced methods such as
pyrometallurgy or hydrometallurgy. Figure 1.2 depicts common battery recycling routes that
happen in practice, namely hydrometallurgy and pyrometallurgy. In this report we focus on
hydrometallurgy because it can achieve higher recovery of critical elements in batteries (e.g.
lithium) than pyrometallurgy and is generally less polluting, with further potential for
improvement.
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Figure 1.2: The common routes for Li-ion battery recycling including the pretreatment and material recovery

processes.

Despite increasing global momentum, the Li-ion battery recycling infrastructure remains highly
unbalanced. In 2024, global pretreatment capacity exceeded 2.8 million tonnes, and material
recovery reached 1.7 million tonnes, over 80% of which was concentrated in China, which
dominates both stages. Europe accounted for only around 8% of pretreatment and a mere
1.5% of material recovery of the global capacity [5].

Figure 1.3, which shows the total expected battery recycling capacity by region, illustrates that
although Europe currently holds a small share, its capacity is projected to grow significantly,
from 10 GWh in 2024 to 140 GWh by 2030. This trend highlights the need for greater attention
and investment in the recycling sector, especially within the Dutch context.
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Figure 1.3: Expected battery recycling capacity by region based on current announcements, 2023-2030.

Compared to the production of virgin materials, recycling can save substantial amounts of
energy and reduce emissions significantly (Table 1.1). Hydrometallurgical processes, in
particular, offer a relatively low-energy way to recover these materials at high purity. In that
sense, the environmental benefit is not just a side effect but a major driver for choosing this
specific recycling route. However, it is important to recognize that hydrometallurgical processes
are not impact-free. Depending on the chemicals used and how process waste streams are
managed, these processes can also pose environmental risks, especially in terms of water use
and chemical discharge. This makes it essential to design and operate such facilities with
strong environmental safeguards.

Table 1.1: Recycled materials energy savings over virgin materials.

Aluminum 95 [7]
Copper 90 [8]
Iron and steel 70 [7]
Lead 75 [7]
Zinc 65 [9]
Paper 40 [10]
Plastics 33 [10]

Source: Data from [6]
As Li-ion battery use continues to grow, so does the responsibility to manage the waste in a
way that is aligned with long-term climate goals, both in terms of emissions and broader
ecological impact. Regulatory pressure on the recovery of critical and strategic materials is
increasing globally, with major economies like the EU, China, and the United States placing
increasing emphasis on battery recycling. In Europe, the Battery Regulation [11] and the
Critical Raw Materials Act [12] set binding targets for collection, recycling efficiency, and the
use of recycled content in new batteries. According to the Battery Regulation, by 2027, 90% of
cobalt, nickel, copper, and lead must be recovered, rising to 95% by 2031, while lithium
recovery targets increase from 50% to 80%. In addition, minimum recycled content will be
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1.1

required in new batteries: from 2031, 16% cobalt, 6% lithium and nickel, and 85% lead,
increasing to 26%, 12%, 15%, and 85% further by 2036.

In response to these regulatory frameworks, hydrometallurgical recycling has gained
prominence as a viable method capable of delivering high recovery rates, especially for lithium,
aligning with these ambitious policy goals. This study investigates the opportunities and
challenges associated with establishing a hydrometallurgical Li-ion battery recycling industry
in the Netherlands. The focus on hydrometallurgy is driven by its status as the predominant
and most viable existing technology for Li-ion battery recycling, offering a broader range of
applicable processes within the Dutch context. Given the widespread use of Li-ion batteries in
portable electronics and electric vehicles, this waste stream serves as an ideal case for
evaluating the feasibility and potential of recycling initiatives.

In addition to the commonly discussed cathode metals, other battery materials such as graphite
(in anode) and phosphate (in LFP batteries) also require consideration for circularity and for
achieving overall recycling efficiency targets under the EU Battery Regulation. Graphite, which
typically accounts for around 10-20% of the mass of Li-ion batteries, is increasingly recognized
as a critical material; however, its recovery from anodes remains industrially less mature
compared to cathode-metal recovery. This is mainly due to challenges related to impurity
removal and quality restoration. In current recycling flows, graphite is often treated as a
secondary fraction within hydrometallurgical processes, where it is separated after metal
leaching and requires additional purification (e.g. acid treatment and thermal processing) to
enable reuse. Despite these challenges, recovering graphite is essential, as its loss (e.g.
through combustion in pyrometallurgical routes) has an environmental impact and hinder
compliance with regulatory targets [13].

For lithium iron phosphate (LFP) batteries, phosphate presents a different challenge. While
hydrometallurgical routes can recover lithium effectively, the phosphate component is typically
retained within intermediate compounds (e.g. iron phosphate) or requires re-integration into
cathode materials through resynthesis. However, due to the low intrinsic value of LFP cathode
material and the complexity of recovering and valorizing phosphate streams, such processes
are generally less economically viable compared to nickel- and cobalt-rich systems [14]. As
LFP batteries gain market share, addressing both graphite and phosphate recovery will
therefore be increasingly important from a regulatory and system-level perspective, even
though technological maturity and economic feasibility remain limiting factors.

Study scope and methodology

While the scope of this study is geographically limited to the Netherlands in order to assess
national readiness for such an industry, insights from international experiences were essential
to inform the assessment. Lessons from both successful and unsuccessful ventures highlight
the complexity of scaling battery recycling operations. As a relatable example, Northvolt filed
for bankruptcy following a combination of challenges, including rising capital costs, geopolitical
instability, supply chain disruptions, and mainly difficulties related to internal production
ramp-up. The study places particular emphasis on the regulatory and policy landscape, with
the aim of understanding how existing and emerging policies, together with technological
developments, can help mitigate challenges and support the development of opportunities in
this sector.

It should be noted that a techno-economic analysis or business case is explicitly excluded from
the scope of this work. Among other reasons, business case analyses for battery recycling vary
significantly depending on the chosen technology, timing, and location, and therefore require

) TNO Public 14/89



) TNO Public) TNO-2026-17095

1.2

a separate dedicated study. In order to make a final investment decision to start Li-ion recycling
activities in The Netherlands, such a study would be essential. This work does not aim to
recommend whether battery recycling should or should not be developed in the Netherlands,
but rather to assess the current level of readiness and identify key enabling and limiting factors.

To meet the study objectives, a mixed-methods approach was employed. Desk research was
conducted to assess the current status and readiness of the Dutch processing industry for
Li-ion battery recycling. This study identifies eight key pillars that represent the main
preconditions for establishing such activities in the Netherlands. For each pillar, we assess the
current state of development, the main opportunities and challenges, and, where possible,
potential measures to address the identified barriers. This was complemented by interviews
with key stakeholders, including battery collectors, recyclers, startups, policymakers, and
research institutes. A list of interviewed organizations is provided in Appendix A.

These interviews provided practical insights and helped contextualize the findings from the
desk research with real-world perspectives. Finally, a survey was performed amongst experts
in the field to assess the importance, urgency, interconnectedness, intervention feasibility,
investment needs, and uncertainty of the pillars. Table B.1 in Appendix B presents the key
pillars for enabling battery recycling in the Netherlands and summarizes the main challenges
and opportunities for each pillar, based on interviews and desk research conducted by TNO.
The pillars are strongly interdependent: improvements in one area (e.g., feedstock retention,
domestic manufacturing demand, or permitting capacity) can unlock progress elsewhere, while
weak links can hinder the whole system.

This report contributes to the bigger picture of CRMs and geopolitical independence, connected
to the Critical Raw Materials Act (CRMA). Chapter 1.2 reviews the current landscape of battery
treatment in the Netherlands. Chapter 2 examines eight key pillars, highlighting their main
challenges and opportunities. Chapter 3 presents the validation of our findings by means of a
survey amongst experts in the field of battery recycling. An outlook and concluding remarks
are given in chapter 4.

In this study, battery recycling was used as a first use case to assess the conditions for
developing a hydrometallurgical recycling industry in the Netherlands. However, many of the
findings are more broadly applicable, and the overall approach can be reapplied to other
product groups and recycling value chains. For example, the bottlenecks identified around
energy access and grid congestion are also relevant for other large energy-consuming
industries in the Netherlands.

Dutch battery recycling landscape

Quantitative evidence suggests that battery recycling is economically attractive in the
Netherlands. Market studies estimate that the Dutch battery recycling market will grow from
approximately USD 240 million in 2026 to nearly USD 600 million by 2034, corresponding to a
CAGR (compound annual growth rate) of around 11-12%, indicating strong commercial
momentum [15]. According to a report commissioned by the Dutch Ministry of Economic Affairs
and Climate Policy [16], the recycling/dismantling EoL batteries is categorized as one of the 16
business opportunities in the battery value chain for the Netherlands. The Dutch economic
potential is estimated to be 1-35 M USD revenue annually in 2030, and the competitive potential
for this sector is reported to be “good”.

A successful Li-ion battery recycling operation starts with the collection. In the Netherlands,
different PROs (Producer Responsibility Organizations) are responsible for the collection and
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recycling of Li-ion batteries. Auto Recycling Nederland (ARN) is responsible for the collection,
recycling and monitoring of EoL EV batteries. Stichting OPEN is responsible for portable Li-ion
batteries.

One of the major input streams for EoL Li-ion batteries is EVs. In the Netherlands, 156,139
EV’s were sold in 2025, growing 18.1% year-over-year [17]. The EV market share rose from
34.6% to 40.2%. The Netherlands, one of the ‘original’ EV growth markets in Europe, continues
on its path among the top, with more than one in three new cars sold being fully electric.

Itis important to understand a battery’s recycling value chain. The following steps are executed
in a typical hydrometallurgical Li-ion battery recycling operation [18]:

) Battery/module dismantling: The EoL batteries are discharged and dismantled to be
prepared for the mechanical separation.

) Physical separation: Battery cells (or modules) are shredded and physically separated into
scrap metals, plastics, and black mass. Black mass is mainly composed of cathode and
anode active materials, including CRMs like lithium, cobalt, nickel, and graphite.

) Material recovery: Metals in the black mass are leached and transferred into the liquid
phase. Then these metals are separated from each other to be recovered as individual
metal salts or recovered as mixed metal salt product using various chemical techniques.

) Material refining: The metal salts are purified and refined into battery-grade salts to be used
again in battery production.

Despite the urgency, the Dutch battery ecosystem remains incomplete. There is currently no
active (local) battery recycling (metal recovery), no mining of battery-related CRMs, and no
battery gigafactory, and the country lacks major personal EV original equipment manufacturers
(OEMSs) that could drive demand or provide scale. It is worth mentioning that there are electric
truck and bus OEMs such as DAF, VDL, and SCANIA, but the volumes are not yet sufficient.
Although some initiatives are emerging, particularly in battery collection and (mechanical)
pretreatment, the existing infrastructure is far from ready to accommodate the forecasted wave
of EoL batteries. As a result, even when batteries are collected and partially processed within
national borders, they often must be shipped abroad for further processing and purification.
This undermines the strategic goal of localizing battery CRM supply chains [19] and highlights
a major gap in the domestic battery value chain. Closing this gap requires understanding where
the real bottlenecks are and which areas hold the most potential for targeted intervention.

Figure 1.4 shows the battery recycling value chain in the Netherlands (collection and
processing steps) and lists existing companies. There are more players around collection,
dismantling, and other R-strategies than recycling. While there are a number of projects and
companies focusing on battery pretreatment, there are only a few aiming to refine black mass
in the Netherlands and none of them are yet operational on industrial-scale.
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Figure 1.4: An overview of organizations that are currently developing circular and recycling activities
in various parts of the chain. Black: operational, grey: in development.

Moreover, the development of battery recycling infrastructure is not just a technical or
environmental issue, it is also a question of industrial competitiveness and economic
opportunity. Investing in recycling capacity offers the Netherlands a chance to reduce battery
CRM import dependencies in future, contribute to EU climate goals, and position itself as a key
player in the battery value chain. Yet, to realize this potential, it is essential to first identify and
address the practical and systemic bottlenecks that hinder progress.

This report therefore, focuses on the key pillars (bottlenecks and opportunities) associated with
establishing a hydrometallurgical battery recycling industry in the Netherlands depicted in
Figure 2.1. It explores those challenges in depth, organized around eight key themes:
1. Demand for recycled materials
Access to feedstock
Availability of recycling technology
Access to energy
Permitting
Regulation & Legislation
Human resources
Environmental aspects

©®NOO WM

By examining each of these pillars, the goal is to map out where the Netherlands stands today
and what it would take to establish competitive, future-proof hydrometallurgical recycling
capabilities at the national level.
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2 Pillars for battery recycling

This chapter presents the foundational pre-conditions for establishing hydrometallurgical
processing capacity in the Netherlands. To embed this exploration in a practical context, Li-ion
battery recycling is used as a case study. By examining the specific challenges and
opportunities tied to Li-ion battery recycling, we aim to uncover broader insights into the
feasibility and strategic requirements for developing a national hydrometallurgical industry.

Demand for Recycled
Materials

Human ‘ @

Access to
Feedstock

Recycling
Technologies

Energy

Capital

Environmental
Aspects
Regulations

Figure 2.1: The eight identified key pillars in this study, associated with establishing a hydrometallurgical
battery recycling industry in the Netherlands.

Permitting
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Demand for recycled materials

Opportunities

o Growing EU battery industry. Rapid expansion of battery manufacturing plants in

Challenges

o Low domestic demand. The Netherlands does not have a gigafactory, resulting in

o Uncertain market conditions. Strong fluctuations in Li, Ni, Co (e.g., lithium -80%

o High costs and weak competitiveness. Recycling has high CAPEX/OPEX

o Quality barriers. Battery manufacturers require very high-purity materials. If recycled

HIGHLIGHTS

Germany, France, and Hungary drives strong future demand for battery
materials.

Regulatory push. EU legislation requires minimum recycled content and strict
recovery targets, making secondary CRMs essential for manufacturers seeking
access to the EU market.

Lower-impact materials. Recycled CRMs can offer 58—-81% lower CO, footprints
compared with mining, which makes them more attractive for European
manufacturers.

Stabilizing policy tools. Governmental price-floors could reduce risk and support
long-term offtake arrangements.

Strategic stockpiling. Stockpiling of recycled critical materials can stabilize supply
during market disruptions while fulfilling the local demand for recycled products.

insufficient domestic demand for recycled battery CRMs and forcing exports of
pretreated materials.

since 2023), creating financial instability and undermining investment security in
battery recycling.

requirements and often operates at low margins. Recycled materials can be less
cost-competitive than primary alternatives.

outputs do not meet these standards, they must be exported for further refining,
reducing domestic value capture.

Introduction

For an industrial battery-recycling sector to successfully emerge and scale in the Netherlands,
the volume of demand for its product (recycled battery materials) plays a crucial role. Although
recycling offers important benefits such as complementing primary mineral supply, enhancing
European/domestic supply security, and reducing the environmental impacts of mining, its
viability depends strongly on the presence of stable and predictable offtake agreements for
recovered critical raw materials (CRMs) such as lithium, nickel, cobalt, and manganese.

At present, the Dutch situation is characterized by limited domestic demand for recycled battery
materials such as Li and Co, largely because the Netherlands does not (yet) host large-scale
battery cell manufacturing. As a result, most collected and pretreated batteries must be
exported for further processing, and recyclers cannot rely on local buyers or long-term demand
commitments. This places the Netherlands in a structurally weak position: while recycling is
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2.1.2

strategically important for Europe as a whole, low domestic demand conditions form a
significant bottleneck for establishing recycling infrastructure within national borders.

Meanwhile, across Europe, battery cell production is expanding rapidly, and regulatory drivers
such as minimum recycled-content requirements (from CRMA) are accelerating demand for
secondary CRMs. This creates opportunities at the European level, but does not automatically
translate into domestic demand in the Netherlands unless downstream industries develop
accordingly. Understanding how these dynamics shape current and future market conditions is
therefore essential for assessing whether demand constitutes a bottleneck for Dutch battery
recycling, both today and in the longer term. To understand how these structural limitations
compare to broader European trends, the next sections examine demand developments at
both the national and EU levels.

Dutch demand for recycled battery materials

The demand for recycled battery materials is primarily driven by battery cell manufacturing,
usually via a CAM (cathode active material) producer, particularly within the Li-ion segment,
which relies heavily on critical raw materials such as cobalt (Co), lithium (Li), nickel (Ni), and
manganese (Mn). In the Netherlands, however, the domestic demand for these secondary
materials remains limited because there is no large-scale battery cell production. The absence
of an operational gigafactory significantly restricts the national market for recycled battery
materials, which results in most collected and pretreated batteries being exported for
downstream processing. Few domestic gigafactory initiatives have been announced (e.g.
Eurocell), but none have reached the FID (final investment decision) stage. Despite this,
strengthening access to battery CRMs via recycling could still enhance the Netherlands’
strategic position by improving leverage in securing future battery supply and participating more
effectively in European value chains. Although the battery industry accounts for the majority of
demand for battery materials, other industries may increasingly drive demand for certain
secondary materials. For example, stainless steel production remains by far the largest
consumer of nickel.

While no official figures exist for the Dutch consumption of battery-grade materials, Tang et al.
[20] provide indicative estimates for future demand. Their projections show that, by 2040, the
Dutch passenger mobility fleet will require electric-vehicle batteries containing approximately
8.6-16.6 kt/y of lithium, 8.5-16 kt/y of cobalt, and 50.2-98.1 kt/y of nickel (Figure 2.2). While
these values capture only the demand associated with passenger mobility and do not directly
reflect national raw-material imports, they nevertheless illustrate the relatively modest scale of
Dutch battery CRM requirements, especially when compared with European or global demand
levels. However, the demand for nickel is expected to be much higher since it is used for
stainless steel manufacturing for which the Netherlands hosts a big facility.
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Figure 2.2: Demand for Ni, Li, and Co in the world, Europe and the Netherlands in 2040, compared with
projected EU recycling outputs in 2040.

It is also worth noting that strategic stockpiling of critical materials recovered from end-of-life
batteries could create additional demand. An initiative, as an example, was launched in the
United States in February 2026, known as “Project Vault,” which allocated 12 billion USD to
establish a national critical mineral stockpile for domestic industry. Such stockpiling efforts aim
to stabilize prices and mitigate risks during periods of supply chain/market disruption. A similar
strategy was mentioned in RESourceEU Action Plan initiative [22] announced in December
2025 to secure CRMs for the EU by establishing a coordinated stockpiling mechanism.

2.1.3 European/global demand for recycled battery
materials

At the European level, the demand landscape for recycled battery materials differs significantly
from that of the Netherlands. Battery cell production is expanding rapidly across the continent,
with significant planned and operational capacities emerging in countries such as Germany,
Hungary, and France [1]. This accelerating industrial development is a key driver of material
demand, as recycling can only thrive within a robust ecosystem where regional supply and
consumption evolve in parallel [23].

To meet the growing need for batteries, particularly within the automotive sector, approximately
40 battery cell factories are currently under construction or in development throughout Europe
(see Figure 2.3). This rapid scale-up implies a corresponding increase in the demand for critical
raw materials (CRMs), positioning recycled materials as an essential component of future
supply. As a result, European demand for secondary CRMs particularly lithium, cobalt, and
nickel is projected to increase significantly over the coming two decades.
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Figure 2.3: Overview of planned and already implemented projects in the field of Li-ion battery production
in Europe.

Quantitative projections further illustrate the scale of such demand growth as shown in Figure
2.2. Tang et al. [21] estimate that annual EU demand for lithium and nickel will continue to rise
until 2040, reaching approximately 274 kt of lithium and 1667 kt of nickel by that year. Cobalt
demand in EU is expected to reach around 260 kt by 2040. In parallel, strengthened policy
measures and accelerated recycling capacities in Europe are anticipated to elevate annual
recovered volumes of lithium, cobalt, and nickel to 133.2 kt, 169.7 kt, and 575.7 kt, respectively,
by 2040. These recovered volumes would correspond to 52%, 69%, and 37% of EU demand,
underscoring the strategic role of recycling in supporting Europe’s material self-sufficiency
ambitions.

The global demand and recovery volumes for Li, Co, and Ni also show a large gap between
the need for these metals and the amount supplied through recycling. According to the IEA, by
2040, global recycling of Ni, Li, and Co meets only 10%, 12%, and 29% of total demand,
respectively, indicating that even with expected improvements by 2040, a substantial shortfall
between demand and secondary supply will remain.

Considering this, establishing a battery-recycling industry in the Netherlands could be
economically attractive if it focuses on supplying the broader European and potentially global
market rather than relying on domestic offtake. Taken together, these insights point to a
European landscape with rapidly increasing material needs and strong policy incentives to
integrate secondary CRMs into battery production. For recyclers, this creates a significant
opportunity that contrasts sharply with the limited domestic demand in the Netherlands and
highlights the importance of aligning national strategies with wider European market dynamics.

Regulation driving demand for secondary
materials

Regulatory pressure is an increasingly important factor shaping demand for secondary
materials. The European Union, through the Critical Raw Materials Act (CRMA) and the Battery
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Regulation, has introduced new requirements on the use of recycled materials in battery
production and on meeting specific recycling targets. These measures will oblige battery
manufacturers to incorporate recycled critical raw materials (CRMs) in order to access the EU
market.

Current legislation already sets minimum levels of recycled content in new batteries. As
demand rises, expanding domestic recycling capacity becomes a strategic necessity. Ideally,
recycled materials should be recovered, processed, and sourced within the EU. For example,
France has implemented a policy that requires recycled materials used in new plastic products
to be produced domestically. A potential concern is that EU policy may unintentionally stimulate
CRM recycling outside Europe, particularly in China, where recyclers could target the European
market by supplying low-cost recycled materials. In such a scenario, the EU’s own recycled
content requirements could create dependency risks and lead to a policy-induced lock-in. In
chapter 2.6 Regulation & regarding battery recycling will be discussed in more details.

Quality requirements of secondary battery CRMs

The quality of recycled materials is a critical factor determining their potential application and
thus market demand. In lithium markets, a clear distinction exists between battery-grade and
lower-grade materials. Battery-grade lithium carbonate typically requires purities of at least
99.5-99.9% [25], with strict limits on impurities such as magnesium, calcium, and iron at ppm
levels, as these directly affect battery performance, lifetime, and safety. For high-performance
automotive applications, even higher purity levels (299.9%) are often required due to stringent
requirements on electrochemical stability and cycle life [26]. In contrast, industrial or technical-
grade lithium typically ranges from approximately 90% to 99% purity and can tolerate higher
impurity levels, making it suitable for applications such as glass, ceramics, and chemicals [27].
As a result, only high-purity outputs can access the automotive battery market, while lower-
quality material is effectively downcycled.

This quality differentiation is also reflected in pricing and economic value. Market benchmarks
distinguish between lithium carbonate with 299.5% purity (battery-grade) and ~99% purity
(technical-grade), with battery-grade products consistently trading at a higher price due to their
stricter specifications [28]. For recycling, this creates a critical bottleneck: achieving consistent
battery-grade quality remains technically challenging, particularly in Europe where large-scale
refining capabilities are still developing compared to more mature ecosystems such as China.
Recycled battery precursors must meet stringent purity standards to be viable substitutes in
battery manufacturing; if these are not met, the material cannot be used by European producers
and is often exported for further refining. This quality gap limits the ability of recycled materials
to re-enter battery supply chains and capture their full economic value.

On the other hand, secondary material might be preferred by manufacturers over virgin material
due to its lower CO2 footprint and aligning with CRMA. Research concluded that CRM recovery
has 58-81% lower emissions compared to mining [29].

Besides material for battery manufacturing for the automotive market, other European
countries have started concentrating on Li-ion battery cell production for applications other than
EVs. It could be a strategic choice to start small producing electrodes (e.g. LeydendJar), and
only include production of cells at a later stage. The combination of technology and a
manufacturing concept could be a strategic choice to compete with large Chinese factories and
prices. As the Netherlands has a reputation for innovative engineering, investing in those
manufacturing industries and markets can be beneficial [30].
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2.1.6

The value of recycled materials and market
dynamics

In principle, the demand for recycled materials is closely linked to developments in commodity
markets and corresponding price signals [30]. The economics of battery recycling therefore
play a central role in shaping both market competitiveness and downstream demand for
secondary raw materials. Because refining routes determine the quality specification and cost
structure of recovered outputs, financial viability directly influences whether manufacturers
choose secondary over virgin inputs. When recycling remains costly (driven by e.g. high
CAPEX and OPEX and insufficient feedstock volumes), the resulting materials are often more
expensive, limiting market uptake and slowing the development of stable demand for recycled
CRMs.

While nickel and cobalt benefit from well-established off-take markets due to their relatively
high economic value, no comparable industry currently exists in Europe to absorb lithium and
manganese output streams at a positive value. The recovery of lithium and manganese is
technically feasible but remains economically challenging, resulting in limited commercial
uptake. This situation generates uncertainty in both material prices and market demand,
thereby increasing financial risks for recycling companies.

The cost composition of Li-ion battery recycling further amplifies these challenges. Li-ion
battery recycling is intrinsically cost-intensive and often operates with low or even negative
margins. A major structural constraint is the limited availability of domestic feedstock (see
chapter 2.2). On the capital side, mechanical pretreatment alone typically requires around €5—
20 million investment (depending on the scale), while hydrometallurgical refining plants are
significantly more capital intensive. For example, engineering studies for integrated recycling
facilities in Europe report CAPEX of €150—400 million for capacities around 20,000 tonnes per
year [30], [31], [32], [33].

To mitigate these barriers, new entrants may choose to begin at smaller operational scales
with lower initial capital requirements and then expand as technologies are proven and
feedstock availability grows. However, hydrometallurgical processes require a minimum
efficient scale to operate economically, which constrains the degree to which early-stage
downscaling is feasible. On the operating side, OPEX adds further pressure: while temporary
OPEX subsidies can help bridge early market gaps, interview insights indicate that long-term
stability depends more on predictable regulatory frameworks and well-functioning demand
markets than on short-term financial support.

Contemporary market dynamics further increase the risks. Figure 2.4 shows the price indices
for the main battery materials from December 2022 to December 2024 [6]. Lithium prices have
fallen by more than 80% since 2023, whereas cobalt and nickel prices declined by only 10—
20% in 2024. These movements heighten perceived risk among investors, particularly in CRM
markets where cash flows depend on both throughput (feedstock) and realized metal prices.
Because recyclers have limited control over commodity price movements, revenue exposure
to such volatility can compress margins rapidly; business models must therefore be resilient
and incorporate risk-management strategies (e.g., indexed contracts, hedging where feasible,
and diversified feedstock/chemistry portfolios).

Policy measures can help mitigate these risks. For instance, a governmental price floor could
stabilize market conditions, support recyclers in scaling operations, and facilitate long-term
contracting and off-take agreements. The United States has experimented with minimum-price
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mechanisms to accelerate the development of recycling and battery-materials supply chains
[30]. At the same time, the emergence of new battery chemistries such as lithium iron
phosphate (LFP) is reshaping market dynamics. Because virgin LFP raw materials are
comparatively inexpensive, recycled alternatives often struggle to remain competitive given
higher operational costs associated with recovery [30].
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Figure 2.4: Price development of battery materials from Dec 2022 to Dec 2024.

To create predictable market conditions and stimulate sustained demand for secondary
materials, additional investment in battery manufacturing capacity will be required, alongside
measures to expand and stabilize domestic feedstock flows. Even with subsidies to bridge
near-term cost gaps, regulatory interventions such as clear and durable rules on recycled
content, recovery targets, price guarantees with certain volumes of offtake agreement, and
cross-border waste shipments will remain necessary to support industry development, improve
economies of scale, and ensure long-term market stability.

) TNO Public 25/89



) TNO Public) TNO-2026-17095

2.2 Access to feedstock

HIGHLIGHTS
Opportunities

o Diversified sourcing strategies. Recyclers can secure feedstock from both
production scrap and EoL batteries relying on both exports and domestic
feedstock.

o Regulatory support to prevent leakage. The EU recent classification of black
mass as hazardous waste limits export, prevents leakage of battery CRMs, and
supports domestic recycling capacity.

o Future feedstock growth. EoL battery volumes will rise sharply after 2030 as EV
and ESS (Energy Storage System) reach retirement, eventually becoming
Europe’s dominant feedstock stream.

o Emerging production hubs. The expansion of European gigafactories increases
the availability of production scrap that Dutch recyclers can access through
cross-border agreements.

o Urban-mine potential. The Netherlands’ diverse stock of batteries represents a
large, long-term resource base which can activate via improved collection
systems.

Challenges

o Insufficient domestic feedstock. With current no gigafactory and low EoL volumes,
the Netherlands cannot yet supply the 10,000-tonne annual threshold needed for
an industrial-scale recycling facility.

o Recycling over-capacity in EU. European recycling capacity is growing faster than
feedstock availability, raising the risk of overcapacity by 2030.

o Leakage through exports. Large flows of used EVs and black mass leaving the
Netherlands undermine domestic access to feedstock for battery recycling.

o Fragmented collection systems. EV batteries are well-tracked via ARN, but
portable and industrial batteries suffer respectively from weak consumer return
rates and the absence of a PRO.

o Low economic value of LFP recycling. The rising share of LFP batteries in future
feedstock, reduces economic incentives due to their significantly lower recovery
value compared with cobalt- and nickel-based chemistries.

o Growing competition. As recycling capacity expands across Europe, companies
face intensifying competition for both scrap and EoL battery feedstock.

2.2.1 Introduction

The viability of a large-scale battery recycling facility is fundamentally dependent on securing
a stable and sufficient supply of feedstock, as insufficient volumes directly limit the expansion
of refining capacity. Industrial operations typically require at least 10,000 tonnes of input per
year, far above current Dutch EolL battery availability. Feedstock today comes from two
principal sources: collected EoL batteries and production scrap from battery manufacturing.
Understanding the current and projected availability of these streams on national, European,
and global level is essential for developing a viable recycling ecosystem. This chapter therefore
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2.2.2

reports on supply projections, international success factors, and strategic options for
strengthening access to feedstock within the Dutch context.

Securing end-of-life batteries from EVs, industry, and consumer products depends not only on
technology, but also on how well collection and traceability work in practice. In the Netherlands,
collection systems differ markedly by battery type: some EoL streams are closely managed
and monitored (e.g. EV batteries by ARN), while others are more fragmented and harder to
capture consistently (e.g. portable and industrial batteries). These differences influence how
predictable future feedstock volumes are and, ultimately, how confidently recycling capacity
can be planned and scaled.

Projected feedstock volumes in Europe are growing, initially through increasing production
scrap and later through rising volumes of end-of-life EV and ESS (Energy Storage System)
batteries. At the same time, recycling capacity across Europe is expanding, which is likely to
increase competition for securing access to their feedstock. Moreover, significant leakages
continue to occur, including the export of used EVs and the loss of black mass caused by
limited domestic refining capacity. Recent EU regulations (Battery Regulation (2023/1542)) that
classify black mass as hazardous waste now prohibit its export to non-OECD (Organization for
Economic Co-operation and Development) countries (according to the Waste Shipment
Regulation), which helps European recyclers retain more feedstock within the region up to an
extent. These developments highlight the importance of robust feedstock acquisition strategies
and underscore the need to establish a competitive recycling industry, including measures such
as improving collection systems, introducing effective policy interventions, and securing
long-term supply agreements with OEMs and battery handlers. The following sections provide
an overview of how these factors influence feedstock availability and the evolving business
models that recyclers adopt to secure it.

Sources of feedstock

A battery recycling plant generally requires a minimum processing capacity of approximately
10,000 tonnes black mass per year to be considered industrially viable. Facilities operating
below this threshold are typically classified as pilot-scale projects [34]. Recycling plants rely on
two principal feedstock streams: production scrap and end-of-life (EoL) batteries. Production
scrap arises from testing procedures, maintenance activities, and non-compliant products
generated at gigafactories. Although manufacturers do not intentionally create scrap, as it
reflects inefficiencies or failures in the production line, it nonetheless constitutes a valuable and
readily accessible feedstock source. It contains high concentrations of valuable metals and can
be collected in large, uniform batches. In contrast, EoL batteries must first reach the end of
their service life and subsequently be retrieved through distributed and often complex collection
systems, making this feedstock stream more fragmented and costly to obtain.

International examples highlight the strategic advantages of integrating recycling operations
directly within the battery manufacturing value chain. Countries such as China and South Korea
demonstrate this approach, where vertically integrated companies secure direct access to
production scrap, allowing them to expand recycling capacity rapidly while reducing
dependence on EoL batteries. Firms like CATL benefit from close proximity to upstream
processes, including pre-CAM production, which remains limited in Europe. These integrated
models underscore the importance of early collaboration with battery manufacturers and the
incorporation of recycling considerations into production ecosystems from the outset [4].
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2.2.3

Current and projected feedstock supply in the
Netherlands

The absence of a domestic gigafactory results in very limited availability of production scrap as
an early and stable source of feedstock, and the current volumes of end-of-life (EoL) batteries
are insufficient to support large-scale recycling activities.

Given the scarcity of domestic production scrap, Dutch recyclers may need to explore
opportunities to secure supply through agreements with European manufacturers, who
generate production scrap at scale. Such agreements could help compensate for the lack of
domestic manufacturing activity and ensure more predictable access to feedstock. On the other
hand, existing EoL batteries entering the waste stream often originate from accidents, fires, or
production defects rather than from batteries reaching the natural end of their service life.
Although EV batteries first introduced to the market around 2012—2013 have begun reaching
end of life, many remain suitable for repair, remanufacturing, or second-life applications and
therefore do not proceed directly to recycling [35]. This has contributed to the emergence of a
well-functioning domestic repair market. Repair shops may therefore become key access
points for future feedstock once batteries ultimately become irreparable.

According to the most recent data from ARN (Figure 2.5), 430 tonnes of EV batteries were
collected in 2025, increased from 113, 263, and 362 tonnes in 2022, 2023, and 2024,
respectively [36]. The projections indicate an increase to 8,000 tonnes by 2030. When
compared with the minimum requirement of roughly 10,000 tonnes per year needed to sustain
a viable recycling facility, it becomes evident that domestic volumes alone will remain
insufficient in the foreseeable future. Nevertheless, the Netherlands holds significant long-term
potential due to its relatively large and diverse “urban mine,” which contains various battery
types and critical materials [37]. Unlocking this potential, however, depends on effective
collection systems, which currently differ in performance depending on battery category [30].
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Source: Data from [36],[38]

Figure 2.5. Total Li-ion (drive and starter) batteries collected by ARN, and e-bike batteries collected by
Stichting OPEN in the Netherlands.

Collection of EV batteries through ARN is generally well-managed, supported by the national
registration system that tracks vehicles and their associated battery packs throughout their
lifecycle. In contrast, portable and industrial batteries present persistent challenges. Portable
batteries are more difficult to trace due to consumer disposal behavior, while industrial batteries
lack a dedicated Producer Responsibility Organization (PRO). In 2024, Stichting OPEN
reported collection of 5,321 ton of portable batteries, 427 ton of which was EoL e-bike batteries.
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It is seen on Figure 2.5 that the volume of e-bike collected in the Netherlands in 2024 is bigger
than the car batteries collected by ARN in 2025. Although also in 2024, 12,676 ton of portable
batteries where put-on-market [38].

The absence of a PRO for industrial batteries means that no fee is collected when these
products are placed on the market, resulting in the absence of a stable financial mechanism to
fund their EoL collection. This situation introduces uncertainty for investors, weakens long-term
planning, and reduces incentives to build or expand domestic recycling capacity. To improve
predictability and support infrastructure planning, PROs are increasingly developing
forecasting models that incorporate expected battery lifetimes, usage cycles, and
application-specific patterns. These modelling efforts aim to enhance future projections of
feedstock availability and strengthen strategic planning across the sector.

Current and projected feedstock supply in
Europe/world

Figure 2.6 presents the existing and planned battery-recycling projects in Europe as of
January 2026 [24]. Germany currently holds the largest recycling capacity, supported by its
comprehensive battery value chain, which includes a strong automotive sector, proximity to
cell-manufacturing facilities, and a well-developed collection system. In contrast, the
Netherlands has only one initiative (SK Tes) which presently performs battery pretreatment
only (black mass production). Northvolt in Sweden was previously expected to host the largest
capacity, but the company filed for bankruptcy in March 2025.

Despite its maturity, the German recycling market still relies heavily on imported materials.
Interview with a German recycler [30] indicated approximately 60% of batteries processed in
their facility originate from other European countries. As recycling capacity continues to grow
across Europe, competition for accessing feedstock is expected to intensify, and the risk of
overcapacity may be there by 2030. This trend aligns with IEA projections that forecast possible
overcapacity in Europe’s recycling sector in the near future [1]. However, these forecasts are
based on announced projects, and in recent years many such projects have not progressed
and were later discontinued, meaning that future realized capacity might deviate significantly
from those forecasts.

At the same time, the supply of recyclable battery materials in Europe is projected to increase
rapidly (Figure 2.7). In the short term, production scrap will dominate feedstock, with more than
100 GWh EoL batteries expected by 2030 which is equivalent to roughly 500 kton of EoL
batteries assuming an energy density of 200 Wh/kg. This will be the peak period for scrap
volumes, which will later stabilize as manufacturing processes mature. By 2030, total available
feedstock in the EU is projected to exceed 120 GWh (~600 kton), which remains just below
Europe’s projected material-recovery capacity of 780 kton, showing an overcapacity [39].
Globally, this imbalance is even more pronounced, with IEA estimates suggesting that recycling
capacity could be seven times larger than available feedstock by 2030. Therefore, it is also
observed that many companies show both interest and hesitance simultaneously and are still
waiting for the right time to realize their plans. Although, it must be noted that the predictions
are based on the announced capacities which can change significantly.
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Figure 2.6. Battery recycling initiatives in Europe.
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Figure 2.7. The projected European battery feedstock available for recycling in forms of EoL batteries and
production scrap until 2040.

From the mid-2030s onward, the landscape is expected to shift significantly as EVs and
energy-storage systems reach end-of-life. EoL batteries will become the dominant feedstock
in Europe, accounting for 72% of recycling input by 2035 and 88% by 2040. Under the
assumption of a 100% collection rate, up to 470 GWh (~2,350 kton) of EoL batteries may
become available annually by 2040. According to IEA projections, by 2040 the announced
recycling capacity in both the EU and the US would cover only about 30% of their available
feedstock (Figure 2.8). This transition highlights the need for Europe to expand recycling
infrastructure and improve collection systems to match the rapidly evolving feedstock profile

[39].
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Figure 2.8. The current and projected battery recycling capacity vs volume of available feedstock in Europe.

Figure 2.9 shows that global feedstock availability follows a similar trend regarding the shares
of EoL battery and production scrap volumes. Countries such as China and South Korea
currently lead the recycling sector due to substantial access to production scrap. By 2035, EoL
batteries are expected to surpass production scrap as the main feedstock source worldwide.
Nonetheless, global recycling capacity is projected to remain higher than available feedstock
even in 2040, primarily due to China’s disproportionately large installed capacity relative to its
domestic feedstock supply [4].
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Figure 2.9. Historical and projected weight of global available feedstock for battery recyclers (in kton) in two
forms of EoL battery and production scrap.

Although Europe’s available feedstock is expected to exceed its own recycling capacity by a
considerable margin after mid 2030’s, the global industry remains highly competitive. Securing
access to feedstock will therefore require long-term agreements with battery producers,
collectors, and pre-processors. Cross-border collaborations such as partnerships between
German OEMs and Dutch pretreatment companies are becoming increasingly important. As
Europe further expands its recycling capacity, limited domestic feedstock and growing
competition underscore the risk of overcapacity in parts of the value chain [4].
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2.2.5

2.2.6

Leakage of feedstock through EV and black mass
exports

Although the overall landscape of feedstock availability for battery recycling in the Netherlands
is gradually improving, significant leakages continue to undermine domestic access to battery-
related CRMs. Two major routes of feedstock loss are the export of second-hand electric
vehicles (EVs) and the export of black mass.

A growing trend involves EVs being traded and exported from the Netherlands to Eastern
Europe and some countries in Africa, leading to a direct loss of potential EoL battery feedstock.
Once these vehicles leave the domestic market, their batteries become untraceable and fall
outside the Producer PRO system, removing them from the national recycling value chain. This
leakage arises partly because large volumes of lease EVs return to the Dutch market
simultaneously, creating an oversupply that the domestic second-hand market cannot absorb.
Suppressed demand which is driven by the phase-out of purchase incentives for used EVs,
reduced tax advantages, and consumer preference for newer models with longer driving
ranges, pushes more used EVs toward export.

According to data from VWE Automotive, the export of second-hand electric vehicles from the
Netherlands has increased sharply in recent years. Exports rose from 4,708 vehicles in 2023
to 15,278 in 2024, and escalated further to 27,746 vehicles in just the first nine months of 2025.
This rapid outflow of emission-free and previously subsidized EVs typically leaving the country
shortly after their lease period means that the associated public investment no longer
contributes to national circularity or climate objectives. It also results in a substantial loss of
end-of-life battery feedstock for the Netherlands as the battery systems become untraceable
and fall outside the PRO’s oversight,

A similar pattern affects black mass. Although black mass is produced in the Netherlands, the
lack of domestic refining capacity forces its export to other EU countries as well as to Asian
and Canadian refiners [30]. To mitigate this ongoing leakage, the European Commission has
classified black mass as “hazardous waste material”, enforcing stricter shipment controls and
banning its export to non-OECD countries. These regulatory measures aim to reduce battery-
related CRM losses, retain more material value within the EU, and secure feedstock for
European recycling facilities, ultimately boosting the region’s battery recycling capacity and
strategic autonomy [40].

Changing battery chemistries and business
models

Batteries are produced with different chemistries that have different advantages and
disadvantages or serve different purposes, and these chemistries change gradually over time.
The business model of a recycling company is closely connected to the chemistry of their
feedstock and to the market value of the materials contained in it. Batteries that contain cobalt
or nickel, such as NMC and LCO, generally provide a higher material recovery value. However,
recyclers often need to pay to gain access to these batteries. Less valuable chemistries such
as LFP usually require the sender to pay a gate fee, which provides an immediate source of
revenue for the recycler [30].

Although batteries with high cobalt content are more attractive to recyclers from a profit
perspective, importing these batteries can be both costly and uncertain because material prices
change frequently. As LFP batteries become more common in electric vehicles and in energy
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storage systems, the composition of available feedstock is expected to shift toward more LFP.
Even so, LFP remains less attractive from an economic point of view compared with NMC
because of the lower intrinsic value of the materials [30].

Battery recycling markets can be broadly categorized into two models: Open “buy and sell”
markets and closed “Recycling-as-a-Service” partnerships. In Europe the market is based
mainly on the buying and selling of end-of-life batteries for treatment and recycling. In China
the system is more vertically integrated because refining activities are directly connected to
battery cell manufacturing. Buy and sell markets rely on EoL batteries feedstock, while closed
loop partnerships focus on manufacturing scrap. Since the current volume of EoL batteries is
lower than that of manufacturing scrap, in short term, the profit margins of companies that
operate in buy and sell markets are under pressure. These margins are affected by low raw
material prices as the recycled feedstock is sold at the demand market price. Companies that
operate within closed loop agreements benefit from secured access to materials and more
stable commercial conditions.

In the long term, as EoL batteries will become more available than manufacturing scrap, the
open buy and sell model will become more attractive. To increase value added and improve
margins, black mass refiners are developing and vertically integrating in both directions across
the value chain. Expanding upstream into collection, preprocessing/black mass production, as
well as downstream into manufacturing of, for example, precursor cathode (pCAM) production
[6].
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2.3

2.3.1

Availability of recycling technology

HIGHLIGHTS
Opportunities

o National investment: Dutch national programs are building capability in advanced
technologies for black mass refining.

o Collaboration: Global and European collaborations offers access to advanced
technologies and industrial partners.

o Reducing labour cost: Increasing role of automation, Al, and machine-learning
for battery disassembly through EU projects.

Challenges

o Flexible technology: Need for flexibility to handle diverse battery chemistries and
evolving market feedstock.

o Low TRL direct recycling: Direct recycling is still at low TRL and is economically
viable only for certain chemistries.

o Lack of standardization: Costly, manual battery dismantling is a result of lack of
standards for battery pack design.

o Inefficient methods: Loss of valuable materials through conventional
pyrometallurgical recycling methods.

o Complex methods: Recycling processes are complex, costly to develop, and
expensive to operate.

Introduction

The recycling technology is a critical element to a potential recycling industry. The technology
and process development are complex, the costs of developing and running a facility are
significant. There are three primary recycling processes for Li-ion batteries: hydrometallurgical,
pyrometallurgical, and direct recycling. All three methods are currently being developed and
optimized for recycling Li-ion batteries, with hydrometallurgy showing the most promising
results in terms of efficiency in recovering battery CRMs (see Table 2.1). In a fast-evolving
global battery market, recycling technologies must be flexible enough to adapt to changing
chemistries and optimize recovery based on material prices and supply risks. Figure 1.2
summarizes the common recycling process of Li-ion batteries.

Battery recycling starts with dismantling the batteries from the products (e.g. EVs).
Technologies for automated disassembly, supported by Al and machine learning, are being
explored through European projects such as CarE-Service, DemoRec, and DemoBat. Some
recyclers are expanding from existing Ni-Cd and Ni-MH facilities into Li-ion battery recycling,
while certain battery manufacturers are integrating recycling directly into their production
operations [41].
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Table 2.1. Three main processes to recycle Li-ion batteries.

Pyrometallurgy Hydrometallurgy Direct recycling

- Material is recovered to be
used directly in battery
production

- Any combination of thermal
and chemical processes to
specifically recover CAM without
breaking it down into individual
elements

- This process is still mostly in
the R&D process

Output Metal ore/alloy Battery-grade materials Cathode active material

TRL 00000 00000 [ | Jelele)
CAPEX 00000 00000 000 0O
OPEX [ I | J@®) 00000 [ | Joee,
Efficiency [ 1 Jelele 00000 00000

Source: Data from [41]

- Producing concentrated alloy
containing Co, Ni, and Cu, by
smelting the batteries in a heat-
based pocess at ~1,500°C

- Liand Mn end up in slag, ready
to be used in the construction
industry or processed further to
recover Li

- Chemical process involving
leaching, removal of impurities,
and separation

- Followed by solvent extraction
and/or chemical precipitation to
revover and increase the purity
of Li, Ni, Mn, and Co

Description

2.3.2 Hydrometallurgy

Hydrometallurgy has increasingly become the central technological pathway in the refinement
of Li-ion batteries (black mass). Itis a liquid-phase process in which aqueous solutions dissolve
and separate valuable metals from the mixture. Its importance comes from the high selectivity
of the chemical reactions involved, the notable recovery efficiencies that can be achieved for
critical materials such as cobalt, nickel, and lithium, the comparatively lower environmental
impact relative to thermal processes, and that it does not burn away the graphite. The method
usually operates following mechanical pretreatment, which includes the discharge,
disassembly, and shredding of batteries in order to ensure safe handling of active materials
before chemical treatment begins. As documented in environmental assessments [42],
hydrometallurgy consistently outperforms high-temperature methods in terms of emission
intensity and overall material recovery potential.

Within the European context, and particularly in the Netherlands, hydrometallurgical refining
remains underdeveloped. Several pretreatment facilities already operate domestically, yet
these mainly carry out manual discharging, dismantling, and shredding activities [30]. Deep
discharging remains one of the most time-consuming elements in the workflow, especially
when batteries retain a partial state of charge. Different EV pack architectures further
complicates dismantling. Even within similar battery architectures, differences may exist in
terms of how to safely handle battery packs that have aged differently.

No industrial-scale hydrometallurgical refining capacity is operational in the Netherlands by the
beginning of 2026, though interviews with permitting authorities revealed that five permits have
been issued or requested. An interviewee shared that the requested permits cover the
processing step of shredding and refining of critical material. South Korean recycler (SK Tes)
with a plant in the Port of Rotterdam, is licensed to refine black mass, but their activities
currently remain limited to pretreatment rather than true hydrometallurgical refinement [30]. An
industrial black mass refinery would require at least 10,000 tonnes of annual input capacity to
be economically feasible [34]. However, this number is an educated estimation for potential
hydro- or pyrometallurgical processes, as the minimum feasible feedstock can vary depending
on the choice of technology.
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Across Europe, hydrometallurgy has gained recognition for its cleaner operational profile and
its ability to achieve lithium recovery rates, that can reach 90% or even higher under optimized
conditions [29]. While the main focus is on recovering the lithium, nickel, and cobalt, companies
like Fortum are also developing methods to recover graphite and solvents, expanding the
scope of material recovery via hydrometallurgical methods.

Hydrometallurgy is the emerging core refining process for modern battery recycling, yet it
involves intricate chemical flows requiring careful waste management [43]. Emerging
approaches, including electrochemistry based processes, aim to reduce reagent consumption
and minimize secondary waste streams, offering pathways toward more environmentally
responsible hydrometallurgical systems [30]. These cleaner methods are expected to simplify
future permitting procedures (see also chapter 2.5) and contribute to the broader
decarbonization of the recycling sector. The recovery of lithium, cobalt and nickel across
Europe is primarily achieved through hydrometallurgical methods, and recycling rates for these
metals have increased significantly since 2020, with nickel and cobalt reaching above 50% in
2023 (Figure 2.10). To meet the CRMA recycling targets, the Netherlands and Europe have to
continue developing recycling value chains, refining technologies and capacities.

60%

50% == Nickel
40%

30% ——Cobalt
20%

10% — Lithium

2015 2016 2017 2018 2019 2020 2021 2022 2023

MNotes: These recycling rates refer to the recovered metals from all battery secondary sources over the metals contained in
the available recycling feedstock from all battery secondary sources (including manufacturing scrap and end-of-life
batteries). Includes manufacturing scrap and end-of-life batteries from portable electronics, e-bikes, EV's, and maritime and
storaae applications.

Source: Figure from [1]

Figure 2.10. Recycling rate of battery lithium, nickel, and cobalt from available battery recycling feedstock.

2.3.3 Pyrometallurgy

Pyrometallurgy continues to represent one of the most established technological routes for
processing spent Li-ion batteries. Its strength lies in its flexibility, because high-temperature
treatment can accept a wide range of feedstock chemistries without requiring highly specialized
pre-sorting. It can achieve recovery rates of up to 95% for nickel, cobalt, and copper, though
lithium and manganese are often lost in slag, and graphite is burned to CO2 which contributes
to environmental implications. After pyrometallurgical treatment, additional refining steps are
commonly required to purify the recovered metals into forms suitable for re-entry into the
battery supply chain. Although widely used, pyrometallurgy is increasingly viewed as less
aligned with long-term sustainability goals, particularly as more efficient and cleaner
hydrometallurgical systems expand across Europe. Its continued relevance is therefore shaped
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largely by its ability to handle diverse input streams, especially as large volumes of batteries
approach their end of life in the coming decade.

As the demand for valuable metals continues to rise and the limitations of pyrometallurgical
methods lead to greater material losses, leading companies such as AkkuSer Ltd., Glencore,
IME, Accurec, Sumitomo, Sony, and Umicore have begun adopting the combined
hydro-pyrometallurgical approach. Currently, this combined hydro-pyrometallurgical process
accounts for approximately 20% of the market share within the spent Li-ion battery recycling
industry [44]. This method is currently receiving more research attention than the other
approaches, whereas pyrometallurgy appears to be outdated for battery recycling and is no
longer studied extensively[9]. Figure 2.11 shows the number of publications on different
recovered materials from Li-ion batteries using various recycling technologies.
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Figure 2.11. Number of publications for different recovered materials from Li-ion batteries using different
recycling methods.

2.3.4 Direct recycling

Direct recycling is gaining attention as a potentially more profitable technological pathway
compared to both pyrometallurgy and hydrometallurgy. Economic analyses suggest that when
transportation, disassembly costs, and the resale value of recovered materials are considered,
direct recycling offers attractive financial potential, particularly when cathode materials can be
preserved in their original form rather than chemically decomposed [41]. However, this
approach remains at a relatively low technological readiness level. Its industrial application is
significantly less mature than hydrometallurgical and pyrometallurgical processes, and scaling
it to handle diversified and complex battery chemistries remains a considerable challenge.
Furthermore, the financial viability of direct recycling depends strongly on the chemistry of the
battery involved (Figure 2.12). Battery types with low concentrations of high-value metals, such
as LFP, offer limited economic return, which reduces the attractiveness of any type of recycling
in many real-world scenarios. Although promising in concept, the method still requires
substantial technological development before it can contribute meaningfully to large-scale
European or Dutch recycling strategies.
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2.3.5 Dutch initiatives in battery recycling technology

The Netherlands is seeking to position itself as a future Li-ion battery recycler and black-mass
refiner, but the ecosystem remains at an early and still fragmented stage. National initiatives
connect strong research institutions with a small number of industrial actors, yet recycling
capacity, industrial maturity, and market readiness still lag behind longer-term ambitions.

These efforts are primarily organized under the National Growth Fund (NGF) Material
Independence & Circular Batteries program. Within this NGF framework, there are three major
program lines that focus on battery recycling, sustainable battery technology development, and
large-scale batteries for heavy duty transport and stationary storage. Within the battery
recycling program line which attracted around €14.5M in funding to strengthen the
Netherlands’ autonomy in critical raw materials and circular battery technologies, two major
national projects are granted.

The first is CRM Lion (2025-2029), a National Growth Fund project aimed at creating a fully
local circular chain for processing EoL Li-ion batteries into high-quality black mass and
recovering critical materials such as lithium, cobalt, nickel, and manganese. Led by a
consortium including TNO, TU Delft, WMC, Back to Battery, Nth Cycle and Eurofins, CRM Lion
develops modular recycling technologies, featuring electrified and/or low-chemical refining
routes, and standardized black-mass quality methods, with ambitions to establish a
= 2 kton/year black-mass production facility in the Netherlands.
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2.3.6

The second initiative is ADAPT-BATT (2026-2030), focusing on improving the recycling of
mixed Li-ion waste streams, especially LFP batteries, which inherently have low recycling
value. The project gathers TU Delft, TNO, University of Groningen, and Utrecht University to
develop advanced electrochemical processes, electrodialysis improvements, and molecular
extractants to enable efficient recovery of lithium and transition metals from black-mass
leachates.

Complexity of feedstock

One of the biggest challenges faced by the emerging Li-ion battery recycling business is the
complexity and diversity of the feedstock. Ideally, a technology is flexible for different Li-ion
battery chemistries and subdevelopments; however, in practice, different battery technologies
demand varied pretreatment (dismantling) and materials recovery processes. LFP and LMFP
(lithium manganese iron phosphate) batteries are expected to capture a substantial share of
Europe’s battery demand in the coming decade (nearly 60% by 2030 [46]), supported by
increasing investments in LFP-based gigafactories. This shift requires European recycling
systems to adapt, both in terms of process technology and infrastructure, to handle a broader
range of battery chemistries. In parallel, regulatory frameworks should ensure that recycling
efficiency and recovery requirements are applied consistently across all battery types, including
emerging chemistries, to support a resilient and future-proof recycling system. Also, a lack of
standardization in the EV pack batteries’ design leads to complexity in battery dismantling.

There are additional opportunities in technology transfer and international collaboration.
Collaboration with Asian countries was mentioned by interviewees to be an opportunity for
bringing advanced recycling companies to Europe/Netherlands and connect to industry
partners. This strategy can help European countries to build their own recycling capacity in
shorter term.
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2.4

241

2.4.2

Access to energy

HIGHLIGHTS
Opportunities

o Flexible contracts: New grid contracts based on actual rather than maximum
demand free up capacity and help companies connect faster.

o Location strategy: Choosing locations with available grid capacity and nearby
industries can improve feasibility and reduce delays in getting connected.

o Shared grid/ energy hubs: Collaboration with neighboring companies to share or
stagger energy use helps optimize access on congested grids.

o Energy-efficient processes: Switching to lower-energy technologies (e.g.,
hydrometallurgy) and improving process efficiency can significantly reduce
energy needs.

o Low-demand start connections: Requesting a minimal initial grid connection
allows earlier start-up while postponing expansion needs.

Challenges

o High energy consumption: Recycling processes, especially pyrometallurgy,
require substantial energy, with large plants demanding ~5-50 GWh/year.

o Grid congestion: Long waiting times and overloaded regional networks make
obtaining or upgrading grid connections difficult.

o High energy prices: Dutch industrial electricity prices are significantly above EU
averages, raising operational costs for recyclers.

Introduction

Interviews and quantitative evaluations confirm that energy is a major barrier not only to battery
recycling, but to most metal industries in the Netherlands. While a rather pessimistic picture is
shared by the industry, talking to energy experts and a grid operator, there are several
promising opportunities in place to bridge energy congestion until the grids are expanded in
the country. Companies can also utilize high-tech solutions to navigate energy constraints.

Energy consumption for recycling

The recycling of Li-ion batteries is widely recognized as an energy intensive activity. Many
studies have evaluated the energy required to treat end-of-life batteries, most often through
LCA (Life Cycle Assessment) studies. Reported energy consumption values span a broad
range, from approximately one to several hundred kWh per kilogram of end-of-life battery [44],
[47], [48]. This variation arises primarily from differences in recycling methods and from the
diverse assumptions used across studies, including regional scope and data sources. Despite
these differences, the available data offer a useful basis for estimating the typical energy
demand associated with hydrometallurgical recycling of Li-ion batteries. It is important to note
that life cycle assessment studies report the CED (cumulative energy demand) for the entire
life cycle of battery recycling rather than the energy consumption of the recycling process alone.
This means that activities such as the collection of end-of-life batteries are included as well.
Our focus, however, is limited to the energy consumed within the recycling plant itself.
Consequently, the CED values reported in life cycle assessments are higher than the energy
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actually required for plant operations. However, they can still be helpful to compare the energy
required for different recycling methods or battery chemistries.

A systematic review and meta-analysis by Li et al. [44] reported that the CED for recycling one
kilogram of spent Li-ion batteries ranges from 3.3 to 154.4 MJ (0.9 to 42.9 kWh), with an
average value of 82.7 MJ (23 kWh). The energy requirement is strongly influenced by factors
such as battery chemistry, shape, and the specific recycling process employed. Figure 2.13
shows these comparisons for battery chemistry and recycling process among the reviewed
literature by Li et al.
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Figure 2.13. CED for recycling of Li-ion batteries regarding (a) different battery chemistries, and
(b) recycling processes.

According to the same review, the median CED for processing one kilogram of EoL NMC and
LFP batteries is 78.4 and 94.7 MJ (21.8 and 26.3 kWh), respectively. Waste NCA batteries
exhibit the highest median energy requirement at 110.73 MJ (30.8 kWh) per kilogram. When
comparing recycling technologies, the reported average energy consumption for
pyrometallurgical, hydrometallurgical, direct recycling, and combined pyro-hydrometallurgical
processes is 110.2, 66.9, 89.8, and 42 MJ (30.6, 18.6, 24.9, and 11.7 kWh) per kilogram,
respectively. Hydrometallurgical processes generally consume less energy than
pyrometallurgical ones because they operate at lower temperatures.

A study by Bin et al. [47] offers another useful reference point, indicating that approximately
5.5 kWh of energy is required to recycle one kilogram of end-of-life batteries. Additional data
reported by Frincu et al. [48] show that energy demand varies substantially across recycling
routes. Their findings indicate that pyrometallurgical processes require about 1.5 kWh per
kilogram, hydrometallurgical processes require 0.8 kWh per kilogram, and direct recycling
requires roughly 0.5 kWh per kilogram. These values further illustrate the wide range of energy
intensities observed across different technological approaches and reinforce the potential
advantages of lower-temperature and more selective recycling methods.

Finally, assuming an annual feedstock of 10,000 tonnes for a large-scale battery recycling
facility, the corresponding energy demand is substantial. Even with conservative efficiency
assumptions, the total energy requirement for such a plant would be approximately 50 GWh
per year which is equal to the energy consumption of 22,000 Dutch households. Supplying this
amount of power, as well as securing adequate grid connection capacity, can place
considerable pressure on existing infrastructure. For context, data from the IEA (International
Energy Agency) show that total industrial electricity consumption in the Netherlands in 2024
was around 32 TWh. However, in the same year, the country recorded a net electricity export
of 4,220 GWh. These figures illustrate the scale of the challenge involved in integrating new,
energy-intensive recycling facilities into the national energy system.
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2.4.3 Energy price

According to BloombergNEF data, operational expenses for recycling NMC811 cell packs at
integrated facilities in Europe average about 14 $/kWh, compared with 11 $/kWh in China,
representing a cost difference of roughly 25%. The disparity is even greater for LFP recycling,
with operational expenses in Europe near 7 $/kWh and about 4.5 $/kWh in China, resulting in
a cost gap of approximately 56%. These differences arise mainly from higher expenses for
electricity, utilities, and labour in Europe. For instance, European recyclers face electricity
prices that are about 60% higher than those in China, labour costs that are about 35% higher,
and utility costs that can be up to five times greater [39].

Energy prices have steadily increased in the Netherlands in the last few years (due to e.g. grid
congestion) (see Figure 2.14). Previously, there have been subsidies to support energy-
intensive industries, but these discounts have been cancelled from 2024 [49]. However, there
are recommendations to the government regarding which (sustainable and crucial) industries
and technologies for the energy transition should be prioritized when issuing new grid
connections. Compared to some EU and non-EU countries (Germany, France, Belgium,
Finland, and US), the average electricity prices for industry in the Netherlands are higher. The
data shows that energy prices for the Netherlands are significantly higher than the average
price in Europe. These high energy costs ultimately affect the price of recycled materials,
reducing competitiveness and strategic positioning for recycling in the Netherlands [50].
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e rance m—Germany e—JSA

Source: Data from [5]

Figure 2.14. Electricity industry retail price, excluding recoverable taxes and levies.

2.4.4 Flexible energy contracts

Grid congestion and energy prices are the two major factors potentially limiting recycling. Grid
congestion refers to a shortage in energy supply and causes difficulties in accessing the grid.
Obtaining a grid connection is currently a challenge in certain parts of the country. According
to the Solarmagazine [51], the waiting time for obtaining a new or upgraded connection to the
grid is increasing. The queue of companies and social institutions at the regional grid operators
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is currently at about 15,000 applicants (April 2026), with an increase of around 1,000 in only
six months.

But why is that? The grid operator conventionally offers new connections based on the
maximum indicated energy demand of a facility. Contracts were based on an estimation of the
maximum demanded energy, leading to a theoretical overutilization of the grid. However, in
practice, facilities rarely operate at full capacity at all times. Industry often requires less energy
than its maximum capacity, which gives capacity and aspiration for a better and more effectively
managed energy grid distribution. Therefore, besides future grid expansion, grid operators are
actively working out ways to make better use of connections and revising their contract strategy
by implementing more flexible contracts that reflect the actual rather than the expected
demand. Taking the actual usage into account, allows more flexible contracts and making more
capacity available. Therefore, companies requesting to connect to the grid are advised to
request the lowest energy requirement needed. Once connected to the grid, operations can
start up, and scaling can be managed at a later point through agreements with surrounding
companies to exchange and distribute energy more efficiently.

In addition, operators are exploring “use-it-or-lose-it” arrangements, where unused contracted
capacity can be reassigned to other customers if not utilized within a reasonable time frame.
This approach aims to improve grid efficiency and ensure that available capacity is put to
productive use.

Process energy efficiency

While recycling is considered as an energy-intensive industry in general, some recycling
processes are more energy-intensive than others as mentioned earlier in this chapter. Investing
in clean technologies and developing energy-efficient technologies and processes that require
less energy would help to address this challenge and even increase the competitiveness of the
final product. Companies can investigate innovative new approaches, such as local renewable
energy production and/or less energy intensive processes. For example, a battery recycler in
Germany, reported that energy is not an existential issue for running their facilities, thanks to
their highly efficient technology. Nevertheless, lower energy prices are appreciated, as they
make recycled products more affordable and competitive with virgin materials [30].

Location strategies

Grid congestion is especially present in key industrial areas and energy clusters in the
Netherlands (e.g. Port of Rotterdam, Delfzijl, Brainport, Brightlands Chemelot Campus). These
regions experience high energy demand and limited supply, while other areas may still have
grid availability. Even though they are most affected by the grid congestion, potential industrial
recycling activities are envisioned to be set up in these sites due to risk management and
environmental permitting requirements. The possible location will likely be determined by the
grid capacity availability, proximity to the surrounding industry, and willingness to collaborate.

Recyclers can establish collaborations with other nearby industries and companies, like
business parks or energy hubs, to share grid connections and optimize energy distribution.
Those collaborations can be agreements on staggered energy usage across different time
slots.
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2.5

2.5.1

2.5.2

Permitting

HIGHLIGHTS

Opportunities

o Structured legal framework. The Environment Act and related rules provide an

increasingly clear basis for permitting.

o Suitable chemical clusters. Areas like Rotterdam, Brainport, Chemelot, Delfzijl,
and the northern provinces offer more experienced authorities and better-suited
sites.

Technology acceptance. Cleaner technologies assessed by certified bodies may

accelerate approval and permitting.

o Early engagement benefits. Starting discussions early helps clarify requirements

and reduce delays.

Knowledge-sharing support. A proposed “buddy system” could facilitate lessons

learned and simplify the process.

o Early permitting assessment. Conducting a thorough assessment of the
permitting system at the outset helps prevent costly issues later when
investments are due, while also ensuring that environmental protection and
public health benefits are properly safeguarded.

(o]

(o]

Challenges

o Highly complex procedures. Fragmented responsibilities and unfamiliarity with
Li-ion battery recycling make permitting slow and difficult.

o Multiple required permits. Environmental, waste, water, and construction permits
must be obtained separately.

o Long timelines. Inconsistent expertise across authorities contributes to approval
periods of 2-5 years.

o Heavy research requested. Extensive studies (risk, soil, acoustics, fire safety,
ecological, nitrogen) are required before project realization which represent a
significant upfront effort and early-stage costs for project developers.

o Overlapping regulations. Environment and planning Act, Battery Regulation,
ARBO, WVR, WVGS create a layered compliance framework.

o Strict end-of-waste requirements. Recyclers must demonstrate compliance with

stringent end-of-waste criteria which are inconsistently applied across countries.

Introduction

Permitting for hydrometallurgical recycling facilities in the Netherlands is widely considered a
major challenge. Interviewees from industry highlight lengthy procedures, fragmented
responsibilities, and difficulties securing suitable industrial locations. This complexity arises not
only from the relative novelty of Li-ion battery recycling but also from uncertainty among
permitting authorities about how to apply national and European legislation. The lack of
established practices or clear precedents further amplifies this friction for companies seeking
to develop new facilities or expand existing ones.

Regulatory & permitting framework

A recycler must navigate a dense legal framework, with the Dutch Environment and Planning
Act forming the principal basis for both the permitting procedure and the environmental impact
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assessment. Under this Act, a Li-ion battery recycling plant is typically classified as an
environmentally harmful activity. Such a plant must therefore obtain five environmental permits,
in Dutch Omgevingsvergunningen, including permits for the environmentally harmful activity,
waste processing, discharge into surface water, and two construction-related permits. The
environmental permit is the most substantial, as it incorporates detailed requirements on
emissions, accident prevention, and the use of best available techniques. These criteria are
rooted in Article 8.9 of the Environmental Quality Decree and guide the competent authority in
determining whether a project sufficiently safeguards the physical environment.

Beyond the Environment and Planning Act (Ow), battery recyclers must also account for
obligations arising from the Battery Regulation, the Working Conditions Act (ARBO), the Safety
Regions Act (WVR), and the Transport of Dangerous Substance Act (WVGS). Together, these
form an interconnected set of requirements that shape the design, operation, and safety
measures of a recycling plant (Figure 2.15).

1. Environmental Act
Omgevingswet

2. Safety Regions Act
Wet veiligheidsregio’s (WVR)

A. Environmental permit
Milieuvergunning (NL)

B. Waste disposal permit 3. Working Condition Act

Vergunning voor Arbeidsomstandighedenwet
afvalverwijdering (ARBO)

C. Discharge permit

Lozingsvergunning 4, Transport of Dangerous
Substances Act

Wet vervoer gevaarlijke
D. Building permit (spatial) stoffen (WVGS)

Bouwvergunning (ruimtelijk)

E. Building permit (technical)
Bouwvergunning (technisch) 5. Battery Regulation

Figure 2.15. Permits and regulations needed to be considered for a battery recycler in the Netherlands..

Hydrometallurgical processes fall under these rules because a recycling facility is treated as
an integrated installation where disassembly, material separation, chemical treatment, and
thermal steps form a single technical unit. This classification reinforces the need for a high-tier
environmental permit. Storage of batteries is also treated separately due to significant fire and
thermal-runaway risks, and the PGS 37-2 guideline plays an important role in determining
acceptable storage practices. Although informative in nature, many of its provisions are
incorporated into permit conditions and therefore become binding.
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Waste, water, and construction permits

Waste handling introduces another layer of regulatory scrutiny. Batteries are legally considered
waste until they meet strict end-of-waste criteria concerning intended use, market demand,
product standards, and environmental safety. These criteria must be demonstrated and are
assessed by the competent authority, often with reference to the Circular Materials Plan (CMP),
since 2026 the replacement of the National Waste Management Plan (LAP3). This replacement
marks a shift from a waste-oriented management regime to an integrated, circular approach to
materials, with greater emphasis on prevention, reuse, and value chain-oriented governance.
For governments and businesses, this means increased attention to prevention and circularity
in permitting.

Discharges from hydrometallurgical processes require a dedicated water permit, given the
presence of metals and chemicals in effluents, and must comply with stringent standards set
by water authorities. As a result, stakeholders note that it can sometimes be easier to export
black mass outside the EU than to move it between member states, due to complex permitting
requirements and inconsistent classification across countries.

Construction requires both a technical building permit and an environmental plan permit.
Because recycling facilities qualify as IPPC (Integrated Pollution Prevention and Control)
installations, they rarely fit within existing municipal zoning plans. This leads applicants into the
more demanding “outside-the-plan” procedure, which relies heavily on environmental
justifications and municipal, provincial, and public consultation. In practice, multiple permits are
applied for in parallel, though formal procedures often exceed their statutory timelines.

Permitting process, timelines, and outlook

To support the assessment of these permits, applicants must prepare an extensive research
dossier including acoustic studies, soil investigations, quantitative risk analyses, fire safety
assessments, ecological surveys, and nitrogen impact calculations. For battery recycling, an
environmental impact assessment (MER, milieueffectrapportage) is also required which is
governed primarily by the Environment Act (Omgevingswet) and might take the longest. While
these requirements aim to ensure environmental and safety standards, they also represent a
significant upfront effort for project developers. In particular, these studies must be conducted
before project realization, resulting in substantial early-stage costs. Moreover, applicants often
face considerable uncertainty when estimating key inputs such as waste volumes, emissions,
and environmental impacts, which can affect both the scope and outcomes of the required
analyses. This combination of high upfront investment and uncertainty can act as a barrier to
project development. An important additional barrier is that funding is often not granted without
certainty about the permit, which makes it difficult for project developers and venture units to
move forward.

Given these complexities, permitting timelines commonly range from 2 to 5 years, and
companies report waiting periods of several years for key approvals [30]. The process involves
multiple  authorities, including ministries and regional environmental offices
(Omgevingsdiensten), with inconsistent procedures across regions. Regional permitting bodies
often lack expertise in battery recycling technologies, especially hydrometallurgical processes
involving chemicals. This leads to delays, uncertainty, and inconsistent decision-making. It
therefore makes sense to start the impact assessment earlier, because there are options for
starting permit applications while this assessment is ongoing. Assuming that a company will
need a number of permits, this means more procedures. It is most common practice to run
these in parallel. Even once the main permits are obtained, grid connection remains a separate
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hurdle [30]. While industrial regions such as the Port of Rotterdam, Brainport, Chemelot,
Delfzijl, and the northern provinces offer more suitable sites and greater regulatory familiarity,
they too are constrained by grid congestion (see Appendix C).

There are opportunities in cleaner technologies and processes assessed by certified
organizations. Companies are advised to start the permitting process 2 to 3 years in advance
of planned operationalization. Early engagement, seeking legal and government support from
the authorities, can help clarify requirements and reduce delays. However, early engagement
is not always effective, as authorities often require highly detailed information that is not yet
available at early project stages. Also, technical aspects might still change during the
development and construction phase. An interviewee expressed the vision to establish a
“buddy system”, like a help-desk, in which actors in the permitting system exchange lessons
with the common goal to simplify the permitting process [30]. As of October 2025, five permits
have been issued in the Netherlands for refining black mass, though none of the associated
plants have yet commenced operation.

Lessons from international practice

Experiences from the United States, China, and South Korea show that lengthy permitting
processes are not an inevitable outcome of strict environmental regulation. Across these
countries, a common characteristic is the presence of strong coordination mechanisms and
clearly defined decision timelines, which reduce uncertainty for recyclers while maintaining
robust regulatory control. This is achieved through different institutional designs, including
legally binding permitting schedules (as under the U.S. FAST-41 framework), centrally
administered approval pathways with fixed deadlines (China), and statutory review periods
combined with controlled iteration and appeal mechanisms (South Korea).

United States

In the United States, permitting for large battery materials and recycling projects can be
significantly accelerated under the federal FAST-41 framework, which was created to address
fragmented and slow approval processes by introducing coordinated oversight, public
timetables, and inter-agency accountability. Projects accepted onto the Federal Permitting
Dashboard retain full environmental review requirements, but benefit from parallelized
permitting steps and a designated federal coordinator, improving predictability and reducing
delays. In practice, while comparable mining and processing projects often require three to five
years under standard federal and state procedures, FAST-41-designated projects have
demonstrated compressed permitting timelines of approximately two to three years, mainly
through structured schedules and elimination of sequential agency reviews rather than
regulatory shortcuts [52], [53].

China

In China, approval of battery recycling activities, particularly for retired electric-vehicle batteries
is facilitated through a highly centralized regulatory system with explicit statutory deadlines.
Nationally implemented certification schemes define a single approval pathway covering
document review, factory inspection, product testing, and final authorization. For qualifying
battery recycling products, authorities specify that certification decisions are typically issued
within around 90 days after formal acceptance of a complete application, excluding
applicant-driven delays. This centralization, combined with fixed timelines, results in
administrative approvals that are generally concluded within months, providing high schedule
certainty compared to multi-year permitting processes in more decentralized systems [54].
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South Korea

South Korea applies formal review periods embedded in legislation for regulatory approvals
relevant to chemical processing and battery recycling, supported by ongoing reforms aimed at
reducing administrative bottlenecks. Key approval steps, such as those linked to chemical
disclosures relevant to hydrometallurgical operations, are subject to initial review periods of
around one month, with clearly defined pause-and-restart mechanisms when additional
information is requested. Strict limits on correction rounds and response times prevent
open-ended iteration, while appeals follow separate review cycles of roughly 20 days. In
parallel, targeted reforms to environmental impact assessment and licensing for EV battery
recycling are being implemented to resolve delays earlier in the process, resulting in more
predictable, bounded approval timelines without removing environmental safeguards [55], [56].

Concluding remarks

Compared with the Netherlands, where permitting for hydrometallurgical battery recycling is
spread across multiple authorities and often proceeds sequentially, these systems illustrate
how environmental protection and industrial development can be aligned with predictable and
time-bounded approval processes. While the specific instruments differ, international practice
suggests that approval timelines on the order of months to two or three years are achievable
when responsibilities are coordinated and procedural expectations are clearly defined, rather
than allowing processes to extend in an open-ended manner.

Additionally, it was mentioned in one of the interviews that in Zuid-Holland all the authority
bodies (DCMR, province, fire departments, etc.) are put together to form a permitting hub,
speeding up the permitting processes for battery recycling activities. Furthermore, DCMR has
recently introduced and tested the concept of a “vergunbaarheidsverklaring” (declaration of
permit feasibility) to provide early regulatory certainty for innovative projects. The declaration
offers a preliminary assessment whether a project appears permittable under certain conditions
thereby supporting financing, subsidy applications, and further project development. However,
it is not a legally binding permit decision and does not guarantee that a permit will ultimately be
granted. The final permitting risk remains with the project developer. A second instrument is
the pilot permit, which may facilitate the deployment of pilot-scale facilities by lowering
permitting (experimenteerbepaling, artikel 23.3 in afdeling 23.2, Omgevingswet) hurdles for
innovative technologies lacking established regulatory pathways. Despite its potential benefits,
this instrument appears to be used infrequently in practice.
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2.6.1

Regulation & legislation

HIGHLIGHTS
Opportunities

o Regulatory support. Regulations such as hazardous classification of black mass
and upcoming waste shipment rules (2026) are expected to keep more
feedstock within the EU.

o Strong EPR. New Extended Producer Responsibility obligations under the Battery
Regulation (2025) will require increased recovery and more detailed reporting.

o Recycled content targets. Mandatory minimum recycled content in manufacturing
will promote market demand for secondary battery materials.

o LFP inclusion. Recyclers may be required to accept LFP batteries, which will
likely only be feasible with governmental, financial, and policy support.

Challenges

o Legal complexity. The EU Battery Regulation must be integrated into each
member state's legal system, making implementation difficult.

o Delays. Delays in the Netherlands’ rollout of the Battery Regulation create
confusion among local authorities and stakeholders.

o Status ambiguity. It remains unclear when batteries count as waste versus when
they qualify as reusable resources.

o Outdated national rules. Existing national legislation is sometimes outdated,
blocking proper implementation of European regulations.

Introduction: European regulation shaping Dutch
battery recycling

European legislation plays a central role in shaping the development of the battery recycling
industry in the Netherlands. Alongside national policy and permitting, EU rules increasingly
determine how the sector evolves. Batteries are the first product group for which the European
Union has introduced binding regulations that apply in the same way across all member states.
Unlike a directive, which requires national transposition, an EU regulation applies directly
without the need for national lawmaking.

The new Battery Regulation (Regulation (EU) 2023/1542) replaces the previous Batteries
Directive (2006/66/EC). It introduces a more comprehensive and detailed regulatory framework
for batteries in Europe. Although it is binding for all EU member states, its introduction into
Dutch national systems is progressing slowly.

The battery recycling sector is still emerging. Industrial recycling infrastructure is not yet fully
established, and this creates challenges for local governments. Authorities often struggle to
understand how European legislation should be incorporated into existing national systems. A
specific difficulty concerns new definitions for end-of-life (EoL) and the criteria that determine
when a product becomes waste. At present, the Waste Framework Directive (WFD) and the
Battery Regulation are not fully aligned. The regulation amends parts of the WFD but has not
yet been fully integrated into it. As a result, product-specific management rules for batteries are
clear, but their connection to general waste legislation remains incomplete.
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Although all EU Member States are still facing challenges in implementing the Battery
Regulation, countries with more established battery-specific frameworks appear better
prepared. For example, Germany has adopted a dedicated Battery Implementation Act to align
national law with the EU regulation and ensure its enforcement, while France has integrated
the new requirements into its existing environmental code, building on its mature extended
producer responsibility system. In contrast, systems that rely more on general environmental
legislation tend to face greater uncertainty, particularly regarding waste classification and end-
of-life definitions.

Extended producer responsibility and recycling
targets

According to the Regulation of the European Parliament and of the Council concerning
batteries and waste batteries, producers have an extended producer responsibility (EPR) for
the management at the EoL stage of the batteries they have put on the market. This means
that they must cover costs related to the collection, treatment and recycling of EoL batteries,
and provide relevant information to end-users and waste operators about the appropriate
management of waste batteries (Parliament, 2023).

The Battery Regulation requires more recovery obligations and recycling goals which are
shown in Table 2.2. With respect to Li-ion battery, the recycling of 70% by average weight is
targeted by December 2031. For key materials such as cobalt (Co), copper (Cu), lead (Pb),
and nickel (Ni), a 95% and for lithium (Li) an 80% recycling efficiency is targeted. The EU
Battery Regulation mandates a minimum recycled content in new batteries placed on the EU
market in the future, influencing the secondary materials market and driving feedstock demand

[6].

Table 2.2. The targets of the Battery regulation (2023).

) TNO Public

LMT batteries

By 2028 By 2031
Collection rate ) bl
63% 73%
Overal (by weight for all By 2025 By 2030
Li-ion batteries) 65% 70%
By 2027 By 2031
Recycling efficiency 90% Cobalt 95% Cobalt
Specific materials 90% Nickel 95% Nickel
90% Copper 95% Copper
50% Lithium 80% Lithium
By 2031 By 2036
. 16% Cobalt 26% Cobalt
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batteries . .
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85% Lead 85% Lead



) TNO Public) TNO-2026-17095

2.6.3

2.6.4

2.6.5

Broader EU regulations affecting battery recycling

Battery recycling in the Netherlands is also shaped by several non-product-specific EU
regulations. These instruments affect the value chain through recovery targets, waste rules,
and transparency requirements.

Relevant frameworks include:

Critical Raw Materials Act (CRMA)

Waste Framework Directive (WFD)

Regulations on the export of hazardous material

Waste shipment rules

Mandatory due diligence and supply chain transparency

~ N e ~ ~

The directives also aim to reduce strategic dependencies and promote material recovery.
However, due to unclarity they all lack in practical implementation. To ensure local recyclers
benefit from EU recycled content rules, a practical and country-level interpretation of the CRMA
and clarity to support the business case of reaching the targets are needed for the Dutch
implementation of the Act. The Netherlands should prioritize strategic projects focusing on
recycling, in particular, integrated recyclers with material recovery and its 25% recycling 2030
benchmark.

The targets of these directives are ambitious and will support the development of the European
recycling industry. The Battery Regulation also provides a timeline that specifies when required
percentages of recycled materials (Li, Co, Mn, Ni) must be met.

Movement of black mass and the feedstock
landscape

Scaling European recycling capacity depends on ensuring that end-of-life batteries and black
mass remain within Europe. Since black mass is classified as hazardous waste, its export is
already restricted. While movement within Europe is limited, new rules will further restrict
shipments of black mass outside the OECD countries. These rules aim to secure feedstock for
domestic recycling facilities [57]. However, legislative limits on exports alone will not create a
competitive level playing field. European recyclers will still need targeted financial support,
de-risking measures and industrial incentives to compete on the global market [39].

Emerging chemistries and future policy needs

New battery chemistries are entering the market. Many of these chemistries often lack
profitability for recyclers as described in the section on recycling technology (Section 2.3). They
require flexible technologies and additional investment. Policy interventions are therefore
necessary to ensure that recycling efficiency targets can be met across all chemistries and that
more materials are recovered. The recycling of the rising volume of lower-value batteries will
be a challenge across Europe and needs policy intervention across member states.
Implementing EU regulations will require financial support.

Financial mechanisms such as the EU Innovation Fund, InvestEU, and support from the
European Investment Bank (EIB) should provide capital and operational support cleantech
projects, particularly those addressing technology gaps in material recovery (e.g.
hydrometallurgical recovery of lithium, graphite, and other elements) [39].
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2.7 Human resources

HIGHLIGHTS
Opportunities

o Skilled HR. Having enough skilled industrial experts and knowledge institutes is
considered to be an opportunity in the Netherlands.

o Expanding training programs. Offer technical and second-track training
programs focusing on hydrometallurgy.

o Strengthen networks. Industrial-academic networks support innovation.

o Prioritize sustainability. Advised focusing on sustainability and environmental
concerns.

Challenges

o Permitting capacity gaps. Delays in permitting are due to lack of human
resources capacity and onboarding and clarity of regulations.

o Grid expansion gaps: 30,000 technicians are needed by 2030 for grid expansion
activities in the Netherlands.

o Niche knowledge. Battery-recycling is a labour-intensive process. Niche knowledge
in battery technology, chemical processing, and environmental safety is needed.

2.7.1 Workforce requirements

Hydrometallurgical battery recycling is a highly industrial activity that relies on human capital,
technical knowledge, and specialized competencies. Establishing a recycling value chain,
including hydrometallurgical treatment, in the Netherlands requires distinct expertise at each
stage. This challenge is also visible in practice, as shown by Northvolt, which struggled with
securing a sufficiently large and skilled workforce. Although its ambition to cover the full value
chain is not representative for all recyclers, it still highlights how challenging workforce
availability can be.

During the use and repair phase of batteries, mechanical and thermal iteration skills are critical,
and software is becoming an increasingly important component across the entire value chain.
At the EoL the first steps of the recycling process such as dismantling, discharging, and
diagnostic testing of batteries are labour intensive and full automation of these steps is still in
development. The downstream hydrometallurgical refining demand knowledge of material
science and chemistry, with broader expertise in battery technology, chemical processing, and
environmental safety. These capabilites must be supported by strong technology
development, operational implementation, and facility management practices, all guided by
robust risk protocols, and complemented by expert capacity within permitting and regulatory
institutions. The energy sector also faces shortages of skilled workers which indirectly
influences the recycling activities in the Netherlands due to grid congestion. For grid expansion,
30,000 more technicians are needed by 2030 [58].

Without targeted workforce development and training, growth in both the recycling and broader
battery sector may delay or remain limited. Although interviews did not reveal human resources
or niche expertise as immediate bottlenecks for implementing hydrometallurgical recycling in
the Netherlands, one area of clear shortage was identified to be permitting within competent
authorities. Delays in permitting processes stem partly from limited staffing capacity,
knowledge, onboarding challenges, and uncertainty around regulatory requirements. As
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battery recycling is still a relatively new field, authorities (e.g. municipalities) require stronger
support, clearer guidance, and improved onboarding structures [30].

In the meantime, research and technological development continue to advance steadily,
supported by the strong international reputation of Dutch engineering. To maintain a
competitive edge, the Netherlands should continue developing more sustainable and
environmentally responsible processes, which will require a well-prepared and sufficiently
skilled workforce.

Strategies for workforce development

Several strategies are being considered to address workforce needs. Encouraging young
people to pursue careers in the wider energy transition and sustainability fields can help attract
new talent. Early-orientation programs and targeted campaigns can support this. These efforts
can draw in individuals who are motivated by the broader mission of the energy transition. Key
educational needs include mechanical and chemical engineering, metallurgy, electronics,
software integration, battery management, and thermodynamics as well as environmental
regulation, permitting procedures, and legal expertise within regulatory institutions. Attracting
researchers and engineers from abroad will help in filling potential gaps, though housing
shortages and visa procedures create obstacles.

Since The Netherlands does not have a history in metal extraction operations, strengthening
links with European industry and research institutions, as well as offering re-training
opportunities for workers from adjacent fields, are additional measures under consideration.
However, uncertainties remain regarding which education levels (MBO, HBO, WO) are
required for different roles, which specific positions remain unfilled, and how many graduates
in battery-related disciplines enter the workforce each year.
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2.8 Environmental aspects

HIGHLIGHTS
Opportunities

o Environmental gains from circularity. Recycling significantly lowers energy use,
emissions, and water demand compared to mining and long-distance transport.

o Cleaner processes. Hydrometallurgy is generally perceived as cleaner than
pyrometallurgy due to lower temperatures and GHG emissions. Advancements
like truncated hydrometallurgy, process integration, and reagent/water
recirculation can sharply reduce energy use, water consumption, toxicity, and
emissions while keeping high recovery rates.

o Dutch competitive advantage. Strong sustainability innovation, regulatory
alignment, and coordinated R&D can help the Netherlands lead in
environmentally optimized recycling technologies.

o Policy alignment. CRMA and EU circularity policies support higher recovery rates
and encourage the development of low-impact recycling technologies.

Challenges

o Significant environmental footprint. Recycling is energy-intensive,
water-intensive, and chemically intensive; environmental impacts vary widely
depending on process design, battery chemistry, and local energy mix.

Dissolved metals, acids, and salts in wastewater create significant treatment
and permitting challenges.

o Hydrometallurgy not impact-free. Conventional hydrometallurgical processes
consume substantial water and reagents, generate large volumes of
wastewater, and only marginally outperform pyrometallurgy in global warming
potential.

o Wide variability in environmental impacts. GWP for recycling of spent Li-ion
batteries is not fixed for different methods, reflecting differences in system
boundaries, regional electricity mixes, and methodological choices.

o Regulatory pressure and permitting constraints. Use of chemicals, generation of
waste streams, and classification of recycling as an activity of “significant impact”
limit location options and require extensive environmental assessments.

2.8.1 Introduction

The environmental benefits resulting from a circular economy strongly motivate Li-ion battery
recycling, given the rapid growth of battery production and the emission intensive mining and
refinement of key metals. However, recycling Li-ion batteries is potentially an energy-intensive
process and has a notable environmental footprint. Therefore, it is essential to compare
recycling with the extraction and refining of virgin materials, keeping in mind that recycling itself
can be very complex and depending on the recycling process, its parameters, the chemistry of
recycled battery, and also the context where the recycling is taking place, the environmental
impact can vary significantly. In this chapter we dive into the parameters that can influence the
environmental impact of battery recycling.
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2.8.2 Recycling vs virgin mining

A comparative life cycle assessment of battery grade materials shows substantial
environmental advantages for recycling relative to mining [29]. It is also shown that the
composition of feedstock affects the environmental outcomes. Compared with EoL batteries,
production scrap offers a more advantageous recycling feedstock due to its higher
homogeneity, fewer contaminants, and lower preprocessing needs. Accordingly, scrap-based
recycling pathways have been shown to achieve the lowest energy use, emissions, and water
consumption among recycling routes [29].

As depicted in Figure 2.16, producing one kilogram of NCA-eq cathode material from
hydrometallurgically-recycled feedstocks reduces energy use by 77 to 89%, decreasing from
193.9 MJ in conventional mining to 44.4 and 22.0 MJ for end-of-life batteries and recycled
scrap. Greenhouse gas emissions fell from 14.5 kg CO2-eq for conventional supply to 6.1 to
2.8 CO2-eq for recycled pathways, corresponding to reductions of 58 to 80%, respectively.
Water consumption follows the same trend, decreasing from 77.3 L per kilogram of NCA-eq in
conventional mining to 21.5 to 9.5 L for recycled pathways, which represents 72 to 88%
savings. In circular supply chains, upstream steps such as extraction and transport contribute
less than 4% of total impacts, whereas in conventional supply chains these steps can contribute
up to 30%. This demonstrates that recycling avoids the high energy demand and emissions
associated with processing low grade ores and transporting mined concentrates over long
distances. Overall, industrial-scale battery recycling can reduce cradle to gate environmental
impacts by at least 58%, making it a critical strategy for sustainable battery material supply
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Figure 2.16. Environmental impacts of conventional mining and recycling processes for production of 1 kg
NCA-eq battery-grade material.

2.8.3 Comparative environmental performance by
process route

Extensive life cycle assessment literature has evaluated different recycling pathways and
reports a broad spectrum of environmental outcomes. A major source of variation arises from
the definition of system boundaries, as some assessments incorporate upstream activities such
as transportation, collection, dismantling, and pretreatment, whereas others restrict their
analysis to the recycling operations themselves. A review study [44] reports that GWP (global
warming potential) from recycling one kilogram of spent Li-ion batteries ranges from 0.158 to
44 .59 kg of COz2-eq, with an average of 7.863 kg of CO2-eq (Figure 2.17). The median GWP
for one kilogram of spent Li-ion batteries recycled by pyrometallurgy, hydrometallurgy, direct
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recycling, and combined pyrometallurgy hydrometallurgy are 8.81, 3.04, 8.07, and 2.67 kg of
CO2-eq, respectively. The spread reflects both process design and regional factors such as the
electricity mix [44].
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Figure 2.17. The GWP (global warming potential) for recycling 1 kg of EoL batteries through different
recycling processes.

The choice of Li-ion battery recycling method drastically influences environmental impact.
Hanna et al. [59] show that conventional hydrometallurgy generally exhibits the highest
footprint across most categories. Figure 2.18 shows that relative to conventional
hydrometallurgy, pyrometallurgy reduces water consumption by 25%, freshwater toxicity by
31%, and resource depletion by 34%. However, when operated in coal intensive regions,
pyrometallurgy can still produce up to 39% higher carbon emissions. Innovative truncated
hydrometallurgy, which yields a soluble mix of battery materials rather than discrete metals,
eliminates the most chemical and energy intensive metal extraction stages and can reduce
carbon emissions by up to 87%, water use by 72%, and toxicity by 50% relative to the worst
performing scenario, while being less sensitive to regional electricity mixes and consistently
delivering the lowest environmental burden across locations.
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Figure 2.18. Environmental impacts of recycling 1 kg Li-ion battery packs.

The environmental impacts reported in studies vary widely because Li-ion battery recycling
depends on numerous parameters, including the chosen recycling method, specific operating
conditions, and battery design. Despite this variability, a consistent finding is that when
considering process emissions alone, pyrometallurgical recycling produces substantially higher
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greenhouse gas emissions than hydrometallurgical and direct recycling routes, as illustrated in
Figure 2.19.

While pyrometallurgy generally shows the highest emissions, its cost effectiveness can differ
based on process configuration and regional factors. Hydrometallurgy typically results in
moderate environmental burdens and often aligns with more favorable economic performance.
Direct recycling remains the most environmentally advantageous option and can also offer
strong economic viability, although its effectiveness depends on battery chemistry and the
maturity of the technology. Water consumption, especially in hydrometallurgical systems, also
varies significantly across studies, further contributing to differences in overall environmental
evaluations [45].
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Figure 2.19. Breakdown of GHG (greenhouse gas) emissions for recycling 1 kg of spent LFP battery cathode
based on pyro, hydro, and direct recycling.

Based on available data in literature and rough order-of-magnitude estimates, GWP associated
with battery recycling can vary significantly depending on the applied process technology. For
a large-scale hydrometallurgical recycling facility with a processing capacity of approximately
10,000 tonnes per year, emissions are estimated to range from about 0.5 to 3 kg CO,-eq per
kg of battery processed. This corresponds to an annual GWP between roughly 5 and 30 million
kg CO,-eq. In contrast, pyrometallurgical processes are generally more energy-intensive, with
estimated emissions around 8 kg CO,-eq per kg of processed batteries. Assuming a similar
processing capacity, this would result in approximately 80 million kg CO,-eq per year. These
estimates highlight the substantial variation in environmental performance between recycling
routes [44], [59].

2.8.4 Hydrometallurgy as less harmful recycling process

Hydrometallurgy is often positioned as environmentally preferable to pyrometallurgy, yet
conventional hydrometallurgical processes remain energy and water intensive and generate
significant chemical effluents. Evaluations show that for global warming potential, conventional
hydrometallurgy only marginally outperforms pyrometallurgy [60]. The process depends on
substantial quantities of chemical reagents, including inorganic and specialized organic acids
for leaching, which require strict handling and disposal and carry embedded environmental
burdens. Large volumes of wastewater can contain dissolved metals, acids, organic
compounds, and salts, creating treatment and discharge challenges. Although generally less
energy intensive than pyrometallurgy, hydrometallurgy still requires significant energy, which
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2.8.5

2.8.6

often derives from fossil sources and therefore contributes to indirect environmental impacts.
These characteristics increase regulatory complexity, since the use of chemicals and
wastewater generation necessitate additional permits and can limit potential site locations. In
many jurisdictions recycling is considered an activity of significant impact that requires an
environmental impact assessment or a detailed evaluation under applicable law.

Within hydrometallurgy there are opportunities to improve performance through process
integration and design. Promising directions include reducing energy consumption through
heat recovery and process intensification, as well as implementing reagent and water recycling
loops to lower emissions. Continued research and development can materially improve the
environmental profile of hydrometallurgy while maintaining high recovery and product quality.
The environmental performance of recycling technologies is a Dutch competitive advantage
through sustainability innovation and regulatory alignment, provided that industry and research
partners coordinate on implementation.

Sensitivity to battery chemistry

Battery chemistries are evolving as manufacturers aim to produce more sustainable products,
introducing substitutes and reduced quantities of critical materials. Changing chemistries
require flexible recycling processes that can adapt to material compositions and still meet high
recovery and purity requirements. In the literature review work by Li [44], he found out that the
median GWP generated by recycling 1 kg spent NMC and LFP batteries were 7.28 kg CO2-eq
and 7.98 kg COz2-eq, respectively Figure 2.20. While the GWP for recycling NMC batteries is
slightly lower than that for LFP, it is important to note that the economic value of metal recovery
from NMC cathode materials is much higher than that of LFP due to presence of more valuable
metals such as cobalt in it.
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Figure 2.20. The GWP (Global warming potential) for recycling 1 kg of EoL batteries of different types.

Policy and regulatory drivers

Regulatory frameworks are pushing toward higher recovery and circularity targets. Under the
Critical Raw Materials Act and broader European Union circularity plans, recycling targets and
recovery obligations require the development of environmentally sustainable recycling
technologies to meet future demand. Beyond the direct impacts of process operations, there is
also an avoided burden when secondary materials displace primary extraction and refining. A
recent study concluded that CRM recovery through recycling can achieve 58 to 81% lower
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emissions, 72 to 88% lower water use, and 77 to 89% lower energy consumption compared
with mining virgin materials [29]. These performance levels align with the quantitative
advantages reported for recycled NCA equivalent cathode production and reinforce the
strategic importance of circular supply chains for environmental objectives [29].

2.9 Additional remarks

The interviews also highlighted several additional remarks. They are briefly summarized below,
as they provide valuable insights.

)

) TNO Public

Economic: Market demand and willingness to pay for recycled battery materials are still
limited, which weakens the business case for domestic recycling investments. Continued
technology development and innovation should be paired with policy instruments that help
create demand and ensure a level playing field (e.g., clearer recycled-content
requirements, de-risking measures, or targeted incentives). Public procurement can also
act as a lead market by supporting pilot purchases and demonstration projects that
validate performance and bankability.

Geographical location: The Netherlands’ coastal position and its strong logistics
backbone (including the Port of Rotterdam) provide direct access to international trade
routes. This can be a strategic advantage for sourcing feedstock, exporting intermediates
or products when needed, and integrating into European and global battery value chains.
Transportation & logistics: The Netherlands has well-developed capabilities in logistics
and in organizing (and separating) waste streams. This can support efficient collection,
safe transport, and reliable pre-processing flows.

Strategic collaboration and developments: Progress will depend on close collaboration
between research organizations, industry, and policymakers. In practice, this means
combining deep technological expertise with market knowledge (e.g., feedstock contracts,
offtake agreements, and investment planning) to accelerate scale-up and reduce
implementation risk.
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3.1

Validation of findings

Methodology

To validate the findings on the feasibility of industrial-scale Li-ion battery recycling in the
Netherlands, we set out a survey. A survey enables an empirical investigation of a larger group
of experts’ perspective in the field of Li-ion battery recycling, and the quantitative approach
allows for a more representative impression of this perspective compared to time-intensive
interviews. Hence, the survey aimed to provide a quantitative basis for the pillars to be
compared with each other and assess their ‘criticality’, to identify priorities of action.

We based the survey on the previously presented findings of desk research and interviews with
key stakeholders, including battery recycling companies, Dutch governmental organizations,
and sector experts. To assess the criticality of each pillar, six indicators were defined to score
and compare the pillars within the overall system:

) Importance. The extent to which a pillar is essential for establishing a battery recycling
plant in the Netherlands.

) Urgency for action. The extent to which problems related to a pillar are expected to
worsen if no action is taken in the short (1-2 years) to medium (2-5 years) term.

) Interconnectedness. The extent to which the other pillars rely on a pillar, and the
degree to which delays or weaknesses in a pillar would create bottlenecks or disruptions
in other pillars of the value chain.

) Intervention feasibility. The extent to which the main challenges in a pillar can
realistically be addressed and improved within the short to medium term (1-5 years).

) Needed investment. The extent to which addressing the challenges of a pillar requires
substantial investment (financial, infrastructural, and/or organizational).

) Uncertainty. The extent to which a pillar is exposed to external uncertainties such as
market volatility, geopolitical shifts, or regulatory changes.

We personally invited a selected group of experts and a message was posted on LinkedIn to
openly invite any other relevant experts. A total of 27 experts completed the survey. For an
overview of the participant characteristics, see Table 3.1.

Table 3.1. Characteristics of the survey participants (n = 27).

Participant
charactt;)ristic CEUEEI @
Type of affiliated Knowledge institute or university 15%
organization(s) Extended producer responsibility organization 4%
Governmental institute 22%
Company (SME) 41%
Company (large) 7%
Other, namely... (e.g., port) 11%
Country of Dutch 82%
organization Non-Dutch 18%
Role in recycling End-of-life battery collection 4%
value chain Battery pre-treatment (dismantling, diagnostics, shredding) 4%
Material recovery (metal refining, hydro-/pyrometallurgy) 37%
Other R-strategies (battery reuse, repurpose) 4%
Policy and regulations regarding batteries 19%
Other, namely... (e.g., combinations or all of the above) 33%
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3.2

Access to feedstock and regulations are
considered most critical

The survey results confirm a prioritization of enabling conditions for scaling Li-ion battery
recycling in the Netherlands. We asked the participants to rank their top 3 pillars, taking into
consideration all six indicators. We found that ‘Access to feedstock’ is considered most critical
by majority of the participants. This pillar is subsequently followed by ‘Regulations’, ‘Recycling
technologies’, ‘Permitting’, ‘Demand for recycled materials’, and ‘Energy’. ‘Human capital’ and
‘Environmental aspects’ are considered least critical (see Figure 3.1).

Recycling technologies

Demand for recycled materials

Human capital

Environmental aspects

Figure 3.1: Ranking of pillars based on the question “All six indicators taken into consideration, which pillars
do you think are most critical? Please choose 3 and rank them in order of criticality”. Rank scores were
calculated as follows: a pillar ranked 1st gets 3 points, ranked 2nd gets 2 points, and ranked 3rd gets 1 point.
Subsequently, the points are multiplied by the number of times the pillar is ranked, resulting in one score for each
pillar.

These findings on the ranking of the eight pillars are in line with the findings on the separate
statements about the indicators for each pillar. Averaging the scores given on the indicators
also gives a good impression on the overall importance of the pillars, resulting in the same
order. In the following, we discuss the findings on the pillars that scored higher on specific
indicators than other pillars. More detailed and quantitative outcomes can be found in Appendix
D.

The pillars ‘Access to feedstock’ and ‘Regulations’ were scored highest on the indicator
‘Importance’ (see Figure 3.2), and are thus considered essential for establishing a battery
recycling plant in the Netherlands. Also, these two pillars were ranked highest on
‘Interconnectedness’ with other pillars (see Figure 3.2), suggesting that the other pillars rely on
‘Access to feedstock’ and ‘Regulations’ the most, and delays or weaknesses in these two pillars
would create bottlenecks or disruptions in other pillars of the value chain. The high importance
and interconnectedness scores for ‘Access to feedstock’ and ‘Regulations’ further underline
their systemic role, as also discussed in earlier chapters. Limited domestic feedstock
availability, combined with ongoing leakage through exports of used EVs and black mass,
directly constrains the feasibility of establishing recycling capacity. At the same time, regulatory
frameworks such as the EU Battery Regulation and the CRMA contribute to shaping both
supply and demand conditions, reinforcing their central position in the system. The survey
results therefore support the conclusion that these pillars function as key bottlenecks: without
sufficient feedstock and clear, consistent regulatory implementation, progress in other areas
remains constrained.
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Moreover, ‘Permitting’ was considered most urgent (see Figure 3.2), indicating that problems
related to this pillar are expected to worsen if no action is taken in the short (1-2 years) to
medium (2-5 years) term. This indicates consensus among stakeholders on where initial efforts
should be focused. This finding aligns with the qualitative findings that permitting processes
are currently slowed by fragmented responsibilities, regulatory uncertainty, and limited
expertise within authorities. At the same time, the intervention feasibility of ‘Permitting’ was
scored highest (see Figure 3.2), meaning the main challenges of this pillar are expected to be
realistic to address and improved within the short to medium term (1-5 years). This suggests
that improvements in coordination, knowledge development, and procedural clarity could
deliver relatively quick gains.

The needed investment is considered highest for ‘Recycling technologies’ (see Figure 3.2),
suggesting that addressing the challenges of this pillar requires substantial investment
(financial, infrastructural, and/or organizational). This finding reflects that developing domestic
refining capabilities would require substantial financial and organizational effort. Rather than
indicating a clear priority for action, this outcome illustrates that such investments are inherently
demanding in the Dutch context. As a result, building up this capability would require significant
long-term commitment in both R&D and industrial scale-up.

‘Demand for recycled materials’ is considered most uncertain (see Figure 3.2), suggesting this
pillar is expected to be exposed most to external uncertainties such as market volatility,
geopolitical shifts, or regulatory changes. This can be linked to broader market dynamics
described in the report. Volatile prices for battery materials, geopolitical developments, and the
rapid expansion of global battery CRM recycling and extraction capacity contribute to uncertain
offtake conditions, particularly in a country without a strong domestic battery manufacturing
base.

The pillars ‘Energy’ and ‘Environmental aspects’ were given quite average scores on all six
indicators (see Figure 3.2). An important nuance emerging from the results is that, although
human resource constraints within permitting bodies were identified as a key underlying
challenge, ‘Human capital’ scored the lowest on five out of six indicators (see Figure 3.2),
suggesting this pillar is considered least critical of all pillars.

Overall, the survey results confirm that while technical solutions are advancing, the main

challenges are systemic and lie in aligning market conditions, regulatory clarity, feedstock
access, and institutional capacity.
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Figure 3.2: (continues on next page). Radar graphs of the indicator scores for each of the eight pillars.
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Figure 3.2: (continued). Radar graphs of the indicator scores for each of the eight pillars.
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4 Concluding remarks: What it
will take to scale battery
recycling in the Netherlands

This report shows that scaling Li-ion battery recycling in the Netherlands is a multifaceted
system challenge. A viable, industrial hydrometallurgical recycling value chain depends on
simultaneous progress in market formation (stable demand and offtake), access to sufficient
feedstock, availability of scalable recycling technology, affordable and reliable energy, timely
permitting, clear and workable regulation, adequate skills, and environmental performance.

The findings of this study are consistent with the broader direction outlined in the Dutch
government’s strategic approach to batteries. The 2025 policy update (Kamerbrief) confirms
that, despite ongoing progress in ecosystem development and innovation, Europe and the
Netherlands in particular, continues to face structural challenges in scaling a resilient and
competitive battery value chain, including dependence on external supply chains, limited
domestic production capacity, and regulatory complexity. Addressing these challenges requires
not only technological advancement, but also stronger alignment between policy frameworks,
industrial development, and market dynamics. In this context, accelerating the transition from
fragmented initiatives toward a coordinated, system-level approach across feedstock access,
permitting, infrastructure, and demand creation, will be essential for enabling the Netherlands
to capture value from battery recycling and strengthen its position within the European value
chain.

In the near term, the Netherlands’ strongest role is to connect domestic collection and
pretreatment strengths to European refining and manufacturing demand, while building the
conditions for domestic refining to emerge. That means prioritizing (i) securing feedstock
through cross-border sourcing and improved collection, particularly for portable and industrial
batteries, and reducing leakage via exports of used EVs and black mass; (ii) reducing
permitting uncertainty through early engagement, clearer guidance, and shared learning
among competent authorities; and (iii) translating EU Battery Regulation and CRMA
requirements into consistent national practice so that investors, recyclers, and authorities can
act with confidence.

Permitting challenges for conventional hydrometallurgical facilities are closely linked to
wastewater generation, chemical handling, and environmental impacts. Emerging technologies
such as electrochemical hydrometallurgy and other sustainable recycling approaches may
reduce these burdens, thereby improving environmental performance while potentially
simplifying permitting requirements and public acceptance.

Looking ahead to 2030 and beyond, the strategic opportunity is to capture more value
domestically by adding hydrometallurgical refining capacity that can handle mixed and evolving
chemistries (including LFP) and deliver battery-grade outputs. This will require credible scale-
up pathways despite near-term feedstock limitations, a location and energy strategy that
accounts for grid congestion and price differentials, and continued R&D and technology
transfer to improve process efficiency and environmental performance. Because several key
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targets (e.g. collection, recovery rates, recycled content) tighten over time, acting early is
essential to avoid bottlenecks later in the decade.

In conclusion, the Netherlands can become well-equipped to scale battery recycling, but only
if action is taken to move from fragmented initiatives to a coordinated national and European
strategy. Government has a decisive role in this transition: not by replacing the market, but by
creating the conditions under which investments become attractive and future-proof. This
means providing regulatory clarity, accelerating permitting, supporting feedstock retention, and
cross-border access. Enabling suitable energy connections, availability of industrial locations,
and aligning national implementation with long-term European battery and raw materials policy.
If these conditions are put in place in time, the Netherlands can build on its strengths in
collection, pretreatment, logistics, research, high technical standards, and industrial
collaboration to capture more value domestically and position itself as a resilient and strategic
player in the European battery recycling value chain.
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Appendix A
List of interviewed

organizations

To obtain more accurate and contextual insights on the topics covered in this report, several
interviews were conducted with primarily Dutch companies and organizations. These
interviews provided detailed perspectives on the national context.

The following organizations were consulted:
) Accurec

ARN

BCC

Back to Battery

KGG

EZ

lenW

Nth Cycle

RWS/ Omgevingsdienst
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Appendix B
Overview of all opportunities

and challenges identified

) Appendix B

Table B.1: Overview of opportunities and challenges of the key pillars for enabling battery recycling.

Pillar Opportunities Challenges
Demand for o Growing EU battery industry ¢ Low domestic demand
recycled « Regulatory push « Uncertain market conditions
materials « Stabilizing policy tool « High costs and weak competitiveness

o Strategic stockpiling ¢ Quality barriers
Access to » Diversified sourcing strategies o Insufficient domestic feedstock
feedstock o Regulatory support to prevent leakages ¢ Recycling over-capacity in EU

o Future feedstock growth ¢ | eakage through exports

e Emerging production hubs ¢ Fragmented collection systems

e Urban-mine potential e | ow economic value of LFP recycling
Availability of o National investment e Flexible technology
recycling « Collaboration e Low TRL direct recycling
technology ¢ Reducing labour cost e Lack of standardization

o Inefficient methods
e Complex methods

Access to o Flexible contracts & shared grid hubs ¢ High energy consumption
energy e Location strategy » Grid congestion

o Energy-efficient processes e High energy prices

e Low-demand start connections
Permitting e Structured legal framework e Highly complex procedures

e Suitable chemical clusters o Multiple required permits

e Technology acceptance e Long timelines

o Early engagement benefits e Heavy research burden

o Knowledge-sharing support ¢ Overlapping regulations

o Early permitting assessment o Strict end-of-waste requirements
Regulation & ¢ Regulatory support e Legal complexity
Legislation « Strong EPR o Delays

* Recycled content targets e Status ambiguity

e LFP inclusion e Outdated national rules
Human o Skilled HR o Permitting capacity gaps
Resources

e Expanding training programs
o Strengthen networks
o Prioritize sustainability

¢ Grid expansion gaps
¢ Niche knowledge

Environmental

e Environmental gains from circularity

¢ Significant environmental footprint

aspects o Cleaner processes ¢ Hydrometallurgy not impact-free
e Dutch competitive advantage ¢ Wide variability in environmental impacts
e Policy alignment e Regulatory  pressure  and permitting
constraints
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Appendix C
Legal analysis of recycling

In the Netherlands

Summary

Establishing a Li-ion battery recycling plant in the Netherlands involves navigating a complex
set of environmental, safety, construction, and transport permits and regulations, as well as
assessments. The plant's significant environmental impact limits suitable locations primarily to
designated industrial estates equipped to handle IPPC (Integrated Pollution Prevention and
Control) installations. Compliance with evolving EU and national standards on recycling
efficiency, worker safety, and hazardous materials management is essential throughout the
plant's lifecycle.

The Dutch Environmental Management Act (Omgevingswet - Ow) and related subordinate
legislation (Bal) govern the establishment of a plant. The Ow is a system for assessing permit
applications. Every permit issued by the Ow is called an environmental permit. Recycling
operations are considered environmentally harmful activities and set out rules and
specifications on which activities require permits. Such a plant needs five environmental
permits. A permit is required to obtain permission from a competent authority before carrying
out an activity.

1. Environmental permit: The Li-ion battery recycling plant is classified as an IPPC

installation due to its complex processes, such as hydrometallurgy, disassembly,
crushing, and heat treatment, which involve chemical and physical risks and requires
safety measures for storage and handling.
Hydrometallurgy is not mentioned as such in the Bal, as an environmentally harmful
activity (milieubelastende activiteit - MBA) for which a permit would be required. The
entire recycling process encompasses more. The Bal offers the solution of assuming
that the recycling plant qualifies as an IPPC installation. Important criteria for IPPC are
that it must be a technical unit and that the unit cannot be moved.

2, Waste permit: for the processing of commercial waste and hazardous waste. This
includes recycling, pretreatment, as well as production activities.

3. Discharge permit for the discharge into surface water: Companies must apply best
available techniques (BAT) to minimize contamination. Requirements apply to heavy
metal concentrations, pH values, temperature, and biodegradability. These techniques
include treatment before discharge. Wastewater from the hydrometallurgical process is
usually neutralized (pH correction), purified through chemical precipitation (metals are
precipitated), filtered, and sometimes biologically treated, and monitored for discharge
parameters.

4. 48&5. Building permits: there are two relevant permits for the construction. Firstly, a
permit that covers technical construction and topics related to safety and sustainability.
The second is a permit for environmental planning activities that address matters such
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as a building's permitted appearance, its permitted function, its permitted height, and
whether it conforms to the municipality's environmental plan.

The plant is likely not permitted under existing municipal plans, requiring a more stringent
environmental plan permit procedure (BOPA) and possible amendments to local zoning
to allow IPPC installations on industrial estates. An IPCC installation requires an
assessment within an “industrial estate”, i.e. a non-regular business park where activities
have a significant impact on the surroundings.

To find a suitable location for the Li-ion battery recycling plant, the initiator must search
for a municipality with an industrial estate with space for an IPPC installation, while
simultaneously applying for the technical construction permit. The competent authority
can also impose additional requirements, providing customized solutions.

Application process: The competent authority, typically the Provincial Executive, processes
permit applications. Although the procedure is allowed to last up to 26 weeks, in practice this
can sometimes take several years. Afterwards, a draft decision will be available for public
review, to which third parties can respond by submitting their views. An appeal can be filed
against a final decision.

Numerous aspects of the activity related to the physical environment must be identified,
including aspects of noise, hazards, traffic, nitrogen emissions, and so on. Applicants must
submit comprehensive documentation covering environmental impact assessments, noise,
soil, risk analyses, fire safety, ecological studies, water management, BAT assessments, and
nitrogen emission calculations.

Helpful for the application process

e Decisions can be influenced by reasoning or motivation. Environmental visions from the
municipality, province, or national government will often influence the issuing of a permit.

o Participation by citizens, businesses and organizations in the decision-making process has
to be ensured at an early stage. There are no formal requirements regarding the form of
participation.

e Environmental Impact Assessment (EIA) is mandatory depending on the nature of the
activity, installation scale, and location. It assesses whether a permit aligns with the law’s
intention.

o Special: an EIA can enable an integrated permit decision (expediting all permit
applications).

Other relevant legal laws, several frameworks

Battery Regulation: The EU Battery Regulation sets harmonized rules for battery lifecycle
management, including durability, safety, recycling efficiency, and use of recycled materials.
Targets for recycling efficiency and material recovery (e.g., lithium, cobalt, nickel) are phased
in from 2026 to 2036. The regulation mandates licensed facilities to accept all waste batteries
and achieve defined recovery rates, with Member States responsible for enforcement and
reporting.

Working Conditions Act (Arbowet): Employers must ensure employee safety by conducting
risk inventories and evaluations (RI&E) related to fire, explosion, chemical exposure, physical
strain, electrical hazards, psychosocial stress, environmental contamination, and
organizational factors. Measures include fire-resistant storage, ventilation, personal protective
equipment, training, and emergency preparedness.
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Safety Regions Act (Wvr): The competent authority might require a safety plan for the
environmental permit.

Transport of Dangerous Substances Act (Wvgs): Transport of Li-ion batteries is regulated
under ADR (European Agreement on the Transport of Dangerous Goods by Road), classifying
Li-ion batteries as hazardous substances. Carriers must be certified and comply with
packaging, labelling, and documentation standards. Enforcement is carried out by the Human
Environment and Transport Inspectorate (ILT).

Environmental
permits based on
the Environment Act

Discharge permit / Lozingsvergunning

Omgevingsvergun-
Building permit (spatial) / Bouwvergunning (ruimtelijk) ningen op basis van
de Omgevingswet

Building permit (technical) / Bouwvergunning (technisch)

Legal framerworks
that are enforced

Juridische kaders
Safety Regions Act/ Wet veiligheidsregio’s die gehandhaafd

worden

Transport of Dangerous Substances Act/ Wet vervoer
gevaarlijke stoffen

Source: TNO

Figure C.1: Dutch permits and legislation applicable to hydrometallurgical Li-ion battery recycling.

One conclusion is that there will only be space for a Li-ion battery recycling plant on a select
group of industrial sites in the Netherlands, as it has a greater impact on the environment than
most other businesses.

The competent authority's interpretation of the rules is also part of the customized permitting
procedure. The authority has a degree of discretion in interpreting and applying the rules.

Outlook and expectations: The Environmental Management Act (Ow) will certainly designate
the operation of an energy storage system and the storage of lithium-containing batteries as
environmentally harmful activities, likely starting in 2026.

Legal Analysis

Activities can have an impact on the physical environment. Chapter 4 of the Dutch Environment
Act sets out rules for these activities, while Chapter 5 specifies which activities require a permit.
A factory for recycling lithium-ion batteries (LIB) will be subject to the rules in Chapter 4 and,
based on Chapter 5, to additional rules in the permit due to customization, as not everything
about battery recycling is covered in the Environment Act.

Every permit based on the Environment Act is called an environmental permit. The LIB
recycling plant will need five environmental permits. The main one is the permit for
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environmentally harmful activities. In addition, permits are required for waste processing,
discharge into surface water, and two permits for construction.

Most attention is focused on the permit for environmentally harmful activities and the
substantive requirements that the Environment Act imposes on these activities and that the
competent authority may also impose, that is, customization. These concern regulations in the
permit that impose requirements on the initiator of the factory. The initiator will have to take
measures to protect the environment. Attention is also paid to the procedure, in particular the
requirements that the initiator must meet when submitting permit applications.

In addition to the Environment Act, there are four other sources of law that the initiator of a
battery recycling plant must take into account: the Batteries Regulation, the Working Conditions
Act, the Safety Regions Act, and the Transport of Dangerous Substances Act. Together with
the five environmental permits, they constitute a set of requirements. One conclusion is that
there will only be space for a LIB recycling plant on a select group of industrial sites, because
it has a greater impact on the environment than most other businesses.

Regulation of a lithium-ion battery recycling
plant

Activities can have an impact on the physical environment. Chapter 4 of the Environmental and
Planning Act (Ow) sets rules for these activities, and Chapter 5 specifies which activities are
only permitted with a permit. A lithium-ion battery recycling plant (LIB) is subject to the rules in
Chapter 4, and based on Chapter 5, to additional rules in the permit due to customization, as
not everything regarding battery recycling is covered by the Ow.

In addition to the Environment and Planning Act (Ow), there are four other legal sources that
the initiator of a battery recycling plant must consider: the Batteries Regulation, the Working
Conditions Act, the Safety Regions Act, and the Transport of Hazardous Substances Act. The
first part of this memorandum addresses the main legal source, the Environment and Planning
Act, in relation to obtaining permits. The second part outlines how a plant must comply with
standards from the four other sources.

The Environment Act as a source of law for
standards in permits

Rules for regulation and rules for application
The Environment Act as a source of law for standards in permits

The core purpose of the Environment and Planning Act is to establish rules for activities that
may affect the physical environment, including environmentally harmful activities (MBAs).
Important rules for MBAs are set out in Article 8.9 of the Environmental Quality Decree (Bkl),
subordinate legislation derived from the Environment and Planning Act (Ow). Chapter 4 of the
Ow stipulates that such rules may be included in the Bkl. In other words, this chapter provides
the legal basis, while the Bkl may, on the basis of these provisions, establish more detailed
rules for activities.

a. environmental pollution caused by the activity is prevented in an integrated manner or,

where this is not possible, limited;
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b. emissions into air, water and soil and the generation of waste resulting from the activity

are prevented or, where that is not possible, limited in order to achieve a high level of

protection of the environment as a whole;

all appropriate preventive measures against environmental pollution are taken;

the best available techniques appropriate for the activity are applied;

no significant environmental pollution is caused;

energy is used efficiently;

the necessary measures are taken to prevent accidents and limit the consequences of

accidents; and

h. Upon definitive termination of the activity, the necessary measures shall be taken to
prevent or limit any risk of environmental pollution caused by the activity for the land
on which the activity was carried out, if this is necessary to make that land suitable for
future use.

@ *0ao0

These rules from Article 8.9 of the Environmental Quality Decree (Bkl) are assessment rules
for determining whether a permit aligns with the law’s objective of protecting the environment.
These rules are not incorporated directly into the permit itself, but rather provide criteria for
assessing it. The permit itself consists of customized conditions, which, in the case of a battery
recycling plant, may address safety, construction, waste, transport, and discharge, among
other aspects. The competent authority’s interpretation of the rules is also part of this
customized procedure; this authority has a degree of discretion in interpreting and applying the
rules.

Article 5.1 of the Environment and Planning Act (Ow) specifies which activities with impacts on
the physical environment require, or may require, a permit. A permit means that permission
must first be requested from the competent authority before carrying out an activity. This
applies, among other things, to MBAs, and the establishment and operation of a battery
recycling plant consists of several MBAs. Article 5.26 authorizes the establishment of rules in
a permit. To complete the loop, Article 5.26 refers back to Article 4.22, which authorizes the
establishment of rules for assessing the permit. These rules are, as mentioned, contained in
Article 8.9 of the Environmental Quality Decree (BKkI).

It feels a bit redundant, but the Ow essentially creates a watertight system for establishing and
applying regulations to activities like battery recycling and developing a factory for that purpose.
It is important to supplement this system with the obligation to care for the physical environment
and the prohibition against adversely affecting it. This duty of care, Article 1.6 of the Ow, and
this prohibition, Article 1.7 of the Ow, are in addition to the system of Chapters 4 and 5. In other
words, anyone who adheres to the rules in Chapters 4 and 5 is also bound by Articles 1.6 and
1.7. Looking at Chapters 4 and 5, and applying them to the recycling factory, what are the legal
obligations it must comply with?

Legal obligations

As mentioned, Article 5.1 lists subjects for which the legislator deems a permit to be required
or permitted. Article 5.26 indicates that a permit must be granted for an MBA. Every permit
issued under the Environment and Planning Act (Ow) is called an Environmental Permit,
including the permit for an MBA. Previously, this would have been called an environmental
permit, and for clarity, it can still be called that, because permits are also issued under the Ow
for waste processing, water discharge, or construction, for example. All are relevant to the
construction of a battery recycling plant.
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The recycling plant requires a total of four environmental permits, which are useful to refer to
as the environmental permit, waste permit, discharge permit, and building permit. These
permits are subject to requirements set out in the Environment and Planning Act (Ow) and
subordinate legislation. The competent authority can also impose additional requirements,
providing customized solutions. These are included in regulations accompanying a permit.
What follows from the law is also regularly included in regulations, but strictly speaking, this is
not necessary, as it is already included in the law. However, meeting these requirements is
part of the permit, so it is sometimes important to include them in the permit.

What legal obligations apply to the development and operation of a lithium-ion battery recycling
plant? The answer begins with Article 4.22 of the Environment and Planning Act (Ow), which
stipulates that regulations must be established to lay out requirements for safety and health,
among other things. These regulations are found not only in the Environmental Quality Decree
(BKl), but also in the Environmental Activities Decree (Bal), which is also subordinate legislation
under the Ow. Assuming that the MBA will generate the most discussion, the environmental
permit is the first and most important permit to be discussed here.

Environmental permit

Hydrometallurgical process

Chapter 3 of the Environmental Activities Decree (Bal) designates environmentally harmful
activities by sector or type of activity. Does the recycling of LIB fall under this category? To
answer this question, it is necessary to examine the facts of this recycling. This begins with
the valuable raw materials, such as lithium, cobalt, or graphite, contained in a discarded LIB.
These are contained in the battery's so-called black mass. A common process for extracting
these valuable raw materials is hydrometallurgy. This is a method for recovering metals from
ores and waste materials using aqueous media by combining water, oxygen, and other
chemical reactants, sometimes in a pressurized environment. Hydrometallurgy is not
mentioned as such in the Bal, as an MBA for which a permit is required. However, it can be
classified under a different activity. Examples include the chemical industry, the metal industry,
or perhaps waste processing.

Even if hydrometallurgy can be classified under one of these three activities, the entire recycling
process encompasses more, including disassembly, crushing, screening, magnetic
separation, washing, and heat treatment. This entails various risks, such as explosion,
fire, and toxic gas, and releases a variety of harmful substances, including organic solvents
and fluorinated lithium salts. To avoid having to choose between the chemical industry, the
metal industry, and waste processing, or to avoid dividing the recycling process among these
activities, the Bal offers the solution of assuming that the recycling plant is an IPPC (Integrated
Pollution Prevention and Control) facility. Then it is almost certainly an environmentally harmful
activity requiring a permit (MBA) under the Bal.

To be considered an IPPC installation, the installation must be a technical unit. lts elements
form an integral part of the specified activity, in this case, operating a LIB recycling facility. This
technical unit is fixed; the entire unit does not move. The installation also includes other
activities at the same location that are directly related to the specified activity. An activity is only
directly related if the performance of the other activities is closely operationally related to the
specified activity. In the case of a recycling plant, consider dismantling, crushing, screening,
magnetic separation, washing, and heat treatment. These other activities must be capable
of impacting emissions and pollution.
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The obvious route for issuing a permit to a LIB recycling plant seems to be the IPPC route. If
the actual characteristics of this plant do not fit the description of an IPPC installation, then the
rules of the ‘dowry zoning plan’, a usable remnant of the predecessor of the Environment and
Planning Act, will apply, not the rules of the Environmental Activities Decree (Bal), but rather
those of this dowry. These dowry rules also include the specific duty of care, included in Article
22.44 (Stb. 2020, 400). This specific duty of care in Article 22.44 of the dowry applies to all
activities that may have adverse effects on the environment and are not designated as
environmentally harmful activities in the Bal (see Article 22.41, paragraph 1, and Article 22.44,
paragraphs 1, 2, and 4, of the dowry).

Storage

LIB storage carries several risks. The batteries can become unstable when overcharged,
deeply discharged, and exposed to both high and low temperatures. This can lead to short
circuits, thermal runaway, and fire. This can release toxic pyrolysis products. Extinguishing the
fire produces corrosive and toxic extinguishing water, which can expose emergency
responders, bystanders, and residents. The environmental permit will address storage
separately and include regulations for this. In addition to customized solutions, the majority will
follow the PGS (Hazardous Substances Publication Series), published by the Netherlands
Standardization Institute. A PGS guideline describes the state of the art and contains measures
that can be taken by the person performing the activity.

PGS guideline 37-2 specifies the measures to control the risks of storing LIBs, including the
loading and unloading of energy carriers. The vast majority of PGS guidelines are informative;
a small portion is normative, namely paragraph 1.2 of PGS 37-2. This normative section defines
the scope of PGS 37-2. This includes LIBs, even when stored for recycling. The lower limit of
333 kg per fire compartment is also normative; below this limit, this PGS does not apply.
Furthermore, there are numerous informative standards that the initiator is advised to follow.
These include the height of storage racks, the size of storage compartments, and the width of
the aisles separating these compartments. The competent authority can include many of these
informative requirements in the permit regulations. In that case, these requirements are indeed
binding. The insurer may also impose binding informative requirements.

A PGS does not operate directly in itself, but serves as a tool for the competent authority, and
therefore also for the applicant, to determine whether the activity is permitted at this location,
given the potential consequences of working with a hazardous substance. If requirements from
a PGS are incorporated into a permit provision, the permit holder is bound by them, as the
competent authority stipulates these requirements. This is different for normative requirements,
when the legislator adopts these requirements from a PGS, which is the case with PGS 37-2.

Currently, the duty of care under Article 22.44 of the dowry zoning plan already stipulates that
the normative requirements of PGS 37-2 can be made mandatory as part of the duty of care
for the storage of batteries eligible for recycling. Application of PGS 37-2 can be formalized
under Article 22.45 of this dowry with a customized provision in a permit. Instead of the duty of
care, a designation in Chapter 3 of the Environmental Activities Decree (Bal) can legally
obligate the operator to the normative requirements. It is certain that the Bal will designate the
operation of an energy storage system and the storage of lithium-containing batteries as
environmentally harmful activities, likely starting in 2026.

The general rules of the Environmental Activities Decree (Bal) will refer to PGS 37-1 and PGS
37-2, which provide guidelines for the safe storage of electricity in energy storage systems and
the storage of LIBs. This PGS guideline will also serve as an information document in the
Environmental Quality Decree (Bkl). This means that the competent authority is obligated to
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consider this guideline when determining BAT (Best Available Technique) when granting an
environmental permit for an environmentally harmful activity; see Article 8.9(d) above. The
procedure will be that the initiator is aware that they must comply with the PGS guideline. The
competent authority must assess this when assessing the application, including when
assessing whether BAT is used in implementing measures. The PGS guidelines are suitable
for the latter because they are kept up-to-date.

Permit for waste processing

For the processing of commercial waste and hazardous waste, an environmental permit is
required under the Environment and Planning Act (Ow). Section 3.5.11 of the Environmental
Activities Decree (Bal) provides general rules for the processing of these waste streams.

Article 3.192 of the Bal specifies that such processing includes:
) the recycling of commercial or hazardous waste;
) the production of fuels or backfilling materials from commercial or hazardous waste;
) the pre-treatment of commercial or hazardous waste for the purpose of recovery.

There are exceptions, but batteries do not fall under those exceptions. If an environmental
permit is required for recycling, production or pretreatment for recovery, then an environmental
permit is also required for other activities involving these waste materials performed at the
same site.

Materials intended for recycling are, in principle, considered waste as long as they meet the
legal definition under the Environment and Planning Act: all substances, mixtures or objects
which the holder discards, intends to discard, or is required to discard.

The Environmental Activities Decree (Bal), which falls under the Environment and Planning
Act, defines permit requirements and general rules for activities such as the storage of waste
and the incineration or land application of waste.

The Environmental Management Act (Wet milieubeheer) continues to apply to core provisions
such as the waste hierarchy, rules for collection, transport, and processing, and the National
Waste Management Plan (LAP3).

The fact that a material is recyclable does not automatically mean it is not a waste. The decisive
factors are the holder’s intention to discard the material and the factual circumstances.
Recycling itself does not change the initial status of a material: once the holder intends to
discard it, it is considered waste, even if it is technically or economically suitable for recycling.

A material can only lose its waste status, achieving end-of-waste status, after a recovery
operation and only if it meets specific criteria (e.g., quality standards, environmental norms,
lawful use). This is regulated in the Environmental Management Act, Article 6 of the EU Waste
Framework Directive, and relevant case law.

A waste material loses its waste status after recycling or another recovery operation only if all

four of the following conditions are met:

1. Intended for a specific use: The material is intended for a clearly defined application, not
merely to dispose of waste.

2. There is a market or demand: A real market or demand exists, meaning the material is
economically valuable and practically usable.
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C.2.1.2.4

3. Meets technical specifications and product legislation: The material complies with technical
requirements for its intended use and with all relevant product norms and legal standards
(e.g., CE marking and REACH).

4. No adverse environmental or health effects: Use of the material must not cause negative
impacts on human health or the environment compared to equivalent conventional
products.

5. The National Waste Management Plan (LAP3) provides a framework for companies and
authorities to determine whether a material is waste, a by-product, or has end-of-waste
status. In addition to the four criteria above, LAP3 identifies three additional considerations:

6. Self-assessment by the holder: The holder must demonstrate that all criteria are met (e.g.,
via documentation or a compliance dossier).

7. Assessment by the competent authority: Regulators can verify whether the assessment is
correct.

8. Additional conditions: Additional requirements may apply to specific material streams (e.g.,
fertilizers, construction materials).

Permit for discharge into surface water

If an environmental permit is required for recycling, manufacturing, or pretreatment for
beneficial use, then, pursuant to Article 5.7 of the Environment and Planning Act (Ow), a permit
is also required for discharging wastewater into surface water. The following substances may
end up in the wastewater as a result of the hydrometallurgical process: lithium, cobalt, nickel,
manganese, sulfuric acid, sodium hydroxide, sodium carbonate, organic solvents, and filtration
residues such as graphite particles. Discharge into surface water is only permitted with a permit
from the water board or Rijkswaterstaat (the Directorate-General for Public Works and Water
Management). Strict requirements apply to heavy metal concentrations, pH values,
temperature, and biodegradability. Companies must apply the best available techniques (BAT)
to minimize contamination. These techniques include treatment prior to discharge. Wastewater
from the hydrometallurgical process is usually neutralized (pH correction), purified through
chemical precipitation (metals are precipitated), filtered, and sometimes biologically treated,
and monitored for discharge parameters.

Building permit '

Strictly speaking, two permits are required for construction: the building permit for technical
construction activities and the environmental plan permit for environmental planning
activities. These permits can be applied for as a single combined permit. The technical
construction activity addresses safety, sustainability, and the building's permitted use. An
environmental plan activity addresses matters such as a building's permitted appearance, its
permitted function, its permitted height, and whether it conforms to the municipality's
environmental plan.

The rules applicable to technical construction activities are set out in the Environment and
Planning Act (Ow) and, in more detail, in the Building Decree (Bbl). The Bbl distinguishes the
categories of existing construction, new construction, use of a building, and construction and
demolition activities. For example, in the case of new construction, such as the construction of
a factory for LIB recycling, all rules for new construction and construction activities apply, in
addition to general rules applicable to all categories. With a few exceptions, these rules make
little distinction between, for example, a residential building and a factory.

? Until 2028, the Building Quality Assurance Act will only apply to simple buildings, but after 2028 it may apply to
more complex buildings, such as a factory.
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Rules in the Building Decree (Bbl) that apply to a factory, or rather, industry, do not differentiate
between industrial types, so battery recycling is not an issue. The initiator of such a factory will
simply have to comply with all building regulations. Therefore, it is no longer relevant for this
report to discuss the permit for technical construction activities. This is different for the permit
for the environmental plan activity, which determines whether or not a LIB recycling factory is
permitted at a location.

A battery recycling plant will not be permitted under a municipality's Environmental Plan. This
does not mean the plant cannot obtain a permit, but it does mean the initiator must go through
a different, more stringent procedure. This is the procedure for an environmental activity
outside the plan (bopa). The Guidelines 'Activities and Environmental Zoning' from the
Association of Netherlands Municipalities (VNG) indicate which activities are excluded from
direct permitting. This includes operating an IPPC installation. It was already established
above, during the discussion of the environmental permit, that the battery recycling plant will
be considered an IPPC installation.

To permit an IPPC installation, a comprehensive assessment is required for the permitting
process, which is more appropriate in the context of a specific amendment to the environmental
plan or an extra-plan environmental permit. This procedure for a BOPA (Environment and
Planning Act) is more rigorous than for an activity that does fall under the Environmental Plan.
According to the Association of Netherlands Municipalities' (VNG) Guidelines, an IPPC
installation is likely more appropriate in an industrial estate. The term "industrial estate" does
not appear in environmental law, but it does in the Guidelines. There, it refers to a non-regular
business park where companies can establish themselves with activities that have significant
impacts on the environmentally sensitive surroundings. This includes the activities of an IPPC
installation.

To find a suitable location for the LIB recycling plant, the initiator must search for a municipality
with an industrial estate with space for an IPPC installation. This municipality may consider it
an industrial estate. The initiator must apply for an environmental plan permit, which will be
subject to the more stringent BOPA procedure. As indicated above, the initiator will
simultaneously apply for the permit for the technical construction activity. What exactly will the
initiator need to submit for a proper assessment, and what will the municipality assess?

Permit application procedure

It is not uncommon to apply for an environmental permit and a building permit simultaneously,
as well as for a permit for waste processing and wastewater discharge. The Provincial
Executive of the province within which the business park is located is the competent authority
for deciding on the application for an environmental permit for the environmental activity. The
Provincial Executive is also the competent authority for granting a permit for an activity within
the environmental plan. The Mayor and Aldermen of the municipality under which the business
park falls are authorized to advise on the application and have the right to approve a proposed
decision. If the activity is outside the environmental plan, which is the principle here, the
municipal council also has the power to advise on the request for approval.

The formal procedure for obtaining an environmental permit for the environmental plan activity
and the environmentally harmful activity, from application to grant, takes 26 weeks. In practice,
these deadlines are often not met. The Provincial Executive makes a draft decision available
for public review, to which third parties can respond by submitting their views. An appeal can
be filed against a final decision.
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Submission requirements

An initiator must provide sufficient information to the competent authority to assess the
application. The submission requirements are formulated in general terms. At a minimum,
sufficient information must be provided to assess whether the activity fits within the
environmental plan and whether the environmental impact associated with the activity complies
with the applicable regulations. This means that numerous aspects of the activity related to the
physical environment must be identified. Consider, in any case, aspects of noise, hazards,
traffic, nitrogen emissions, and so on.

Based on the permits examined, it can be stated that the following research file must be

submitted:

General: an explanation of the application

General: a free-form assessment

Drawing of the site (to scale) and drawings of the proposed buildings and installations

Acoustic research (e.g. compressors)

Soil investigation (because building on contaminated soil is not allowed)

Quantitative risk analysis ("QRA") to assess which risk contours may apply and whether

they are appropriate for the functions that are already present or permitted in the vicinity

of the electrolyser

) Fire safety research

) Ecological research in connection with any natural values that may be present at the
intended construction site

) Water test

) The installation must be developed and built taking into account the "best available
techniques" for the project. This is called the BAT test.

) An Aerius calculation, also known as a nitrogen study, which shows whether the activity
has consequences for Natura 2000 areas

) Building Decree Assessment, MPG buildings and energy performance.

~ ~ wr wr ~r ~

The above list is not intended to be exhaustive. The documents submitted to the competent
authority will be assessed by the regional environmental agency (based on a mandate)
authorized to review the documents and request any additional information.

Motivation

In a decision to grant an environmental permit, numerous points are assessed to determine
whether the information provided demonstrates that the environmentally harmful activity will
not have unacceptable consequences for the physical environment. If deviation from the
environmental plan is required, as is the case with a bopa, the reasoning for the decision
describes why the activity is acceptable in terms of a balanced allocation of functions to
locations. Environmental visions from the municipality, province, or national government will
often form the framework for this reasoning. Stricter requirements apply to the reasoning if the
infringement of the applicable environmental plan is greater, and lighter requirements if the
infringement is less significant.

Participation

The Environment and Planning Act prioritizes the "participation” of citizens, businesses, and
organizations at an early stage in the development of an initiative. This involves including
parties in the decision-making process before formal decision-making takes place in a
procedure. For the BOPA, the municipal council can designate cases of activities in which
participation and consultation with third parties is mandatory before an application for an
environmental permit for a BOPA can be submitted. No requirements are imposed on the form
of participation, only that it must be met.
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Environmental Impact Assessment (EIA)
An EIA may be mandatory for the construction of a lithium-ion battery recycling plant,
depending on the nature and scale of the project. According to the Information Point for the
Living Environment, an EIA is required if a project could have significant environmental
impacts. This requirement is stipulated in the Environment and Planning Act (Ow) and depends
on criteria such as:

) The nature of the activity (e.g. chemical processing or storage of hazardous substances).

) The size of the installation (capacity, surface area, production volume).

) The location (for example near nature reserves or vulnerable environments).

For battery recycling facilities, especially lithium-ion batteries containing hazardous
substances, it is very likely that an environmental impact assessment (EIA) is required. This
means that it must first be determined whether a full EIA is necessary. The outcome of this
assessment will determine whether a comprehensive environmental impact report must be
prepared.

It is important to note that preparing an EIA report can be a unique way to expedite all permit
application procedures. In short, this approach allows the competent authority, based on Article
16.53 of the Dutch Building Act (Ow), to decide on all permits at once, because sufficient
research has been conducted in the context of the EIA report. This is an unusual approach,
and it is up to the permit applicant to decide whether they want to risk expediting the process.
The risk is that the competent authority will still identify a shortcoming, and then the process
will be disrupted.

Other sources of law

In addition to the Ow, there are four other sources of law that the initiator of a LIB recycling
plant must take into account: the Batteries Regulation, the Working Conditions Act, the Safety
Regions Act, and the Transport of Hazardous Substances Act. This section outlines how a
plant must comply with standards from these sources.

Battery Regulation

The European Battery Regulation provides a comprehensive framework covering all types of
batteries and their entire life cycle, from the manufacturing process to design requirements,
including their second life cycle, recycling, and the use of recycled materials in new batteries.
The requirements of the Battery Regulation apply directly in all EU Member States, so in the
Netherlands, people must comply with them without the intervention of Dutch law. Several
requirements have been in effect for some time, a significant number effective August 18, 2025,
and some later, until 2031. What does this regulation say about recycling that is important when
establishing a LIB recycling plant?

Considerations

The Batteries Regulation opens with 143 recitals, and recital 2 states, in particular: “Given the
strategic importance of batteries, in order to provide legal certainty for all economic operators
concerned and to avoid discrimination, barriers to trade and distortions on the battery market,
it is necessary to establish rules on the durability, performance, safety, collection, recycling and
second life of batteries, as well as rules on information on batteries for end-users and economic
operators.” The Regulation provides for the establishment of such rules, and recital 9 states
that requirements will apply “to facilitate the reuse, repurposing and recycling of batteries.”
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Recital 12 clarifies that the EU has three main objectives in mind with the Batteries Regulation:
environmental, ethical, and economic. ?Recycling fits within the environmental objective
associated with circularity. Furthermore, economic considerations are imposed on recycling to
ensure the optimal functioning of the EU internal market. Uneven implementation of the
regulation across Member States risks "significant barriers to the functioning of recycling
markets and suboptimal recycling levels," recital 95 states. It points out that the new regulation
will provide "further and harmonized rules to prevent market disruption for the collection,
treatment, and recycling of waste batteries and ensure uniform implementation of the rules
throughout the Union."

The establishment of a LIB recycling plant is set out in recital 115, setting targets for the
efficiency of recycling processes and material recovery, including lithium. This measure aims
"to ensure high-quality material recovery for the battery industry while ensuring clear and
common rules for recyclers and avoiding distortions of competition or other obstacles to the
orderly functioning of the internal market for secondary raw materials from waste batteries."
Implementation of the Batteries Regulation consists of monitoring compliance with obligations.
One obligation for recyclers is reporting on the processing of waste batteries (recital 120). It is
up to the Member States to organize this reporting.

Articles

After the recitals come 96 articles, which set rules, and Article 71, recycling efficiency and
material recovery targets, regulates what was discussed in recital 115. Part B of Annex XII to
the Batteries Regulation sets out the recycling efficiency targets, and Part C the material
recovery targets.

) Recycling and material recovery requirements
o Recycling efficiency (total — Li-ion 65% 2026 - and per element)
) Intended recycling element (output)
o Phase 1: 90% cobalt, 90% copper, 90% lead, 50% lithium and 90% nickel (2027)
o Phase 2: 95% cobalt, 95% copper, 95% lead, 80% lithium and 95% nickel (2031)
) Mandatory percentage of recycled material in new batteries
o 2031: Co 16%, Pb 85%, Li 6%, Ni 6%
o 2036: Co 26%, Pb 85%, Li 12%, Ni 15%

Article 71, paragraph 1, raises a question because it states that "all licensed facilities shall
ensure that all waste batteries presented to them are accepted and prepared for re-use,
prepared for repurposing, or recycled." Is this mandatory, and to what extent is compliance
enforceable? Article 71, paragraph 2, raises the same question because it states that "recyclers
shall ensure that recycling achieves the recycling efficiency and material recovery targets."

Article 75, paragraph 5, regulates what is stated in recital 120 regarding reporting, including
reporting on the achievement of targets for the efficiency of recycling processes and material
recovery. Each Member State must organize this reporting, but what if a recycler fails to comply
with its obligation? How does a Member State enforce this? One option is to make an
inspectorate responsible, and in the Netherlands, Rijkswaterstaat has been assigned this task.
This authority will have to implement paragraphs 3 through 5 of Article 71. These stipulate how
recycling efficiency and material recovery are calculated, how this will become more stringent
over time, and how this may change based on new insights.

2 Other considerations repeat and underline this, see inter alia 105.
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The Batteries Regulation imposes an additional obligation; Part A of Annex Xl provides
requirements for storage and processing. These include some explicit requirements for
recycling facilities and for the processing and storage of lithium batteries. Some of these
requirements closely resemble the requirements imposed on employers in the Working
Conditions Act (Arbowet). They concern risks to employee health. The regulation touches on
this in recitals 86 and 124, which also include safety during recycling. This can also be seen in
Article 74, which sets requirements for safety when working with batteries. Furthermore, the
regulation makes it clear in several places that economic operators, including recyclers, must
take into account risk categories listed in Annex X, including occupational health and safety.
Enforcement of the Working Conditions Act will be discussed below, including the incorporation
of these requirements from the Batteries Regulation into the enforcement of the Working
Conditions Act.

C.2.2.2 Working Conditions Act

The Dutch Working Conditions Act (Arbowet) sets requirements for the safety and health of
employees. These requirements must be met by the employer. These include matters such as
escape routes and emergency exits, fire extinguishers, training of staff in emergency response
(BHV), and risk assessment and evaluation. The Arbowet requires employers to inventory
and evaluate risks to employees (RI&E), including exposure to hazardous substances. They
are also required to take measures to prevent hazardous situations, such as fire, explosion,
or exposure to toxic substances from batteries. A risk inventory and evaluation, along with an
inventory of measures, can generally look like this. This is based on the application of the Dutch
Working Conditions Act in 2025 to battery recycling in general, not LIBs specifically:

Table C.1: Risks in battery recycling.

Risk category Specific risks Measures (Action Plan)
Fire and explosion - Short circuit in damaged batteries Fire-resistant storage
hazard - Thermal runaway in lithium-ion - ATEX-safe zones
- Fire extinguishing agents tailored
to battery type
Chemical exposure - Leakage of electrolyte or heavy - Extraction and ventilation
metals - PPE such as gloves and
- Inhalation of toxic fumes respiratory protection
Physical strain - Lifting heavy battery modules - Ergonomic workplace design
- Repetitive actions - Lifting aids
Electrical risks - Accidental discharge - Insulating tools
- Contact with high voltage - Lock-out/tag-out procedures
Psychosocial burden - Stress due to incidents or - Training and support
dangerous situations - Incident protocol and aftercare
Environmental risks - Contamination due to leakage or - Separate storage
incorrect processing - Emergency procedures in case of
spills
Organizational risks - Insufficient instruction or supervision - Regular training
- Unclear division of tasks - Clear work procedures and
responsibilities

In addition to employers' obligations to inventory and evaluate employee risks (RI&E) and
implement measures, employers must inform and instruct their employees on working safely
with batteries (e.g., lithium-ion batteries); training and instruction of staff is mandatory. They
must also provide personal protective equipment (PPE) as needed. Fire extinguishers and
ventilation systems must be appropriate for the battery type.
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C.2.2.3 Safety Regions Act (Wvr)

On the advice of the fire department, the competent authority can include fire safety regulations
in the environmental permit and the building permit; see the requirements for applying for a
building permit. These requirements follow from the Bal and Bbl. In addition, requirements
follow from the Wvr (Safety Regions Act); Article 25 of the Wvr stipulates that the fire
department is responsible for, among other things, preventing and mitigating fires. Based on
this, the fire department can impose requirements on companies, especially if there is an
increased risk, from which a battery recycling plant is not exempt. Article 3 of the Wvr
authorizes the municipality to impose additional requirements in a bylaw.

C.2.2.4 Dangerous Goods Transport Act (Wvgs)

A professional freight carrier often requires a permit from the National and International Road
Transport Organisation (NIWO). No separate permit is required for the transport of hazardous
substances, but the carrier must comply with regulations. In addition to a number of special
agencies for special circumstances, the Human Environment and Transport Inspectorate (ILT)
is primarily responsible for monitoring and enforcing the Wvgs. It oversees transport by road,
rail, inland waterway, and sea, and employs special investigating officers (BOAs) for criminal
enforcement.

The ILT carries out inspections at companies, checks transport documents, packaging, and
ADR certificates. ADR stands for European Agreement concerning the International Carriage
of Dangerous Goods by Road. Carriers must be ADR-certified and have the appropriate
equipment. Classification of hazardous substances is determined in accordance with the ADR,
a European agreement on the transport of hazardous substances. Table C.1 describes these
classes and provides examples, including lithium batteries. Transport requirements include
packaging regulations, labelling and marking, a transport safety test certificate, and ADR
documentation.

The Wvgs applies to the transport of batteries that are eligible for recycling, particularly LIB.
They contain substances that may be flammable, reactive, or toxic. They are therefore
classified as Class 9A hazardous substances under the ADR. The Wvgs also stipulates that
objects containing hazardous substances are subject to the law, as long as their hazardous
properties are retained. Used or defective batteries are subject to these rules because they
can still pose risks, such as fire or leakage.
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Appendix D
Additional information on

survey

Survey procedure, data collection and analysis

The survey started with a short introduction for participants, clarifying the topic and aim of the

research. Subsequently, the survey consisted of four parts:

1. Questions about the participants themselves, such as affiliated organization and role in
recycling value chain.

2. Information on the eight key pillars, followed by statements on the six indicators for each
of the eight identified key pillars to evaluate the relative criticality of these eight pillars.

3. A question asking an overall top 3-ranking of the eight pillars.

4. Closing questions on any missing or wrong information, and additional remarks.

At the end of the survey, participants were thanked for their participation. The full survey is
available upon request.

From 17 April 2026 to 11 May 2026, we collected data through an online survey among experts
in the field of Li-ion battery recycling. Before data collection, we made an overview of experts
to contact. Subsequently, these experts were contacted by e-mail and invited to participate in
the research by filling out the survey.

The data of the survey were analyzed using IBM SPSS version 30. We first prepared the data
by recoding variables before carrying out analyses to arrive at descriptive statistics. Based on
these results, we made several visualizations. Finally, the answers to the open-ended
questions have been approached qualitatively.
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D.1.2 Detailed results on indicator scores and pillars

Table D.1: Mean scores and standard deviations for the six indicators for each of the eight pillars.

Intercon- .
Urgency Intervention Needed .
Importance for action nected- feasibility  investment Uncertainty  Overall
ness scores
Demand for

recycled SD=0.7

materials '
Access to M=4.1
feedstock SD=0.8
Recycling M=4.0
technologies SD=0.9
M=3.8
Energy SD=0.9
- M=4.0
Permitting SD=07
. M=41
Regulations SD=04
Environmental M=3.8
aspects SD=0.8
Human capital M=4.0 M=3.5 M=3.7 M=3.7 M=34 M=27 M=3.5
P SD=0.9 SD=1.1 SD=1.1 SD=0.9 SD=1.2 SD=1.3 SD=0.8

Note. M = mean (average) values over all participants on a 5-point scale from 1 (strongly disagree) to 5
(strongly agree), SD = standard deviations. The higher the mean score, the darker the blue colour.
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