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This thesis considers two cost-effective and environmentally sustainable recycling approaches to
the batteries of electric vehicles (EV) trucks in Finland based on the EU Battery Regulation (EU
2023/1542). Large batteries of EVs are special challenges because of their mass,
non-homogeneous form, and challenging logistics. The method of qualitative research was
adopted, incorporating the interviews with experts, the review of regulatory documents and the
literature about the industry. Results indicate that there is a high agreement that mechanical
pre-treatment with subsequent hydrometallurgical refining is the most viable pathway of
recycling batteries in Finland. Hydrometallurgy has high levels of recovery of important
materials and also Finland has low-carbon electricity which means that it has low emissions as
opposed to other processes. Direct recycling is known to possess limited use because of the
combined chemistries and different circumstances of the end-of-life truck batteries. Logistics and
infrastructure are presented as significant cost drivers, as Finland has a long transport distance
and little capacity to dismantle regions. The creation of pre-treatment hubs that are decentralized
would drastically decrease the hazardous-goods movement, level off the feedstock and enhance
the cost as well as environmental performance. The regulatory drivers, like required quotas of
recycled content and the digital battery passport, do not only help in the development of the
market in the long run but also add to administrative burden.
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ADR European Agreement concerning the International Carriage of Dangerous Goods
by Road

CAM Cathode Active Material

Co Cobalt

Cu Copper

DG Dangerous Goods

EC European Council

EoL End of Life

EU European Union

EV Electric Vehicle

gCO2 Grams of Carbon Dioxide
GHG Green House Gas

IEA International Energy Agency
kWh Kilowatt-hour

LCA Life Cycle Assessment

LFP Lithium Iron Phosphate

Li Lithium

LIB lithium-ion batteries

Ni Nickel

NCA Nickel Cobalt Aluminum
NMC Nickel Manganese Cobalt
OEM Original Equipment Manufacturer
Pb Lead

TEA Techno-economic Evaluations

TDG Transport of Dangerous Goods
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1 Introduction

Transportation is being electrified faster across the globe and heavy-duty electric trucks are being
identified as an essential element in reaching the climate neutrality goals set at the national and
EU levels. With the increased EVs, the quantity of lithium-ion end of life (EoL) batteries will
increase significantly within the next ten years, posing both economic, environmental, and
regulatory challenges to establish effective recycling mechanisms (IEA, 2024). Compared to
passenger vehicle batteries, EV truck batteries are bigger, heavier, and more heterogeneous and
pose unique logistical, safety, cost structure, and material recovery challenges (Bhardwaj &
Mostofi, 2022). Simultaneously, the European Union has presented the most elaborate regulation
system to date the EU Battery Regulation (EU 2023/1542) imposing strict recovery rates,
battery-passport introduction, and minimum recycled-content in new batteries (European
Council, 2023). These regulatory changes make recycling not only a waste-management practice
but a component of the European circular economy and security of raw-materials of crucial

importance.

Finland is the only Nordic country with a low-carbon electricity base, an emerging
battery-materials sector, and an increasing investment in hydrometallurgical refining capacity
(Fortum Battery Recycling, 2024). There are structural barriers to the country, however, such as
long distances of transportation, low population density, and a lack of regional pre-treatment
hubs, which contribute greatly to the cost efficiency and environmental performance (Tuinman,
2025). With EV truck batteries soon reaching end-of-life, it is time that Finland will have to
decide how to restructure its recycling infrastructure in a way that it will meet the EU regulatory

demands and remain cost competitive, including ensuring reduced environmental impact.

Although increased efforts are currently made to investigate the topic of EV battery circularity,
the majority of research works are dedicated to passenger EVs, which creates a significant gap in
knowledge regarding heavy-duty battery recycling, especially in the context of the Finnish
setting (Earl et al., 2018). This study bridges that gap because it investigates how Finland may

implement cost-effective and sustainable recycling options to match EU regulations,



infrastructure preparedness, and the changing chemistry mix of EV truck batteries. ICCT (2023)
study shows global/regional scale information regarding how to scale reuse/recycling. Whereas
this study shows the context of Finland, by incorporating local infrastructure conditions
(distances in transport, the viability of regional hubs), Finnish hydrometallurgical capacity and
the particular consequences of EU implementation of Battery Regulation in Finland. Another
study by Syré et al. (2024) and other Life Cycle Assessment studies shows that chemistry and
vehicle class are relevant to environmental performance whereas this study explicitly exploring
the implication of changing chemistry mixes (e.g., increasing Lithium Iron Phosphate (LFP) in
fleets) and advised regional pre-treatment hubs, centralised hydrometallurgy under the low
population density and long distances of Finland, a concrete infrastructure policy assimilated to
the EU recovered content targets which is different from the previous study by Syré et al. (2024)
which only focuses on life cycle assessments using either proton-exchange membrane fuel cells
or Li-ion batteries with different cell chemistries. Combining expert interviews, regulatory
analysis, and thematic evaluation, this study presents an action-oriented scope of insights to the
development of a recycling ecosystem that can facilitate economic viability and ecological

performance.

1.1 Research Objectives & Question

Considering the fast development of the electric vehicle (EV) market and the corresponding
increase in the scope of heavy-duty EV trucks, the sustainable dismantling of end-of-life
batteries has become one of the most pressing issues for both industry and policymakers
(Ronkko et al., 2024; Slotte et al., 2025). In the context of Finland, the problem is of particular
concern due to the high adherence to circular economy principles, dependence on imported raw
materials, and the necessity to comply with evolving EU regulations on battery recycling and
recovery (Fortum Battery Recycling, 2023; Fortum & Terrafame, 2023). To address these
challenges, it is important to implement strategies that not only reduce environmental
degradation but also remain economically feasible and compatible with existing national
infrastructure (Slotte et al., 2025; Ronkkd et al., 2024). To inform this study and situate it

methodologically, the following research objective can be formulated:



Research Objective: To evaluate and identify the most cost-effective and environmentally
sustainable strategies for recycling electric vehicle (EV) truck batteries in Finland, with a focus
on aligning proposed solutions with existing infrastructure capacities and meeting current and

upcoming European Union regulatory requirements.

Research Question: What are the most cost-effective and environmentally sound strategies for
recycling EV truck batteries in Finland, considering infrastructure and EU regulatory

requirements.

1.2 Scope of the Research

The literature review of this research is further expanded with the analysis of scholarly sources
and policy documents on EV battery recycling practices, the European Union policy of battery
management, the recycling industry in Finland and Europe, cost-effectiveness of recycling
process, environmental sustainability evaluations, circular economy, and the integration of
recycling strategies in the existing infrastructure. The focus is put specifically on how regulatory
requirements, especially the EU Battery Regulation affect the formation and execution of the

recycling solutions.

Regionally, this master thesis is dedicated to Finland with references to the general European
experiences in case it is relevant. Empirical data collection is limited to the recycling
infrastructure in Finland including the secondary data on the form of company publications,

government publications, and performance evaluation of European recycling companies.

The idea of sustainability of battery recycling is wide and needs to be nourished to make it
manageable within the context of this master thesis. Based on this, the emphasis has been
reduced to those strategies that can respond to both cost-effectiveness and environmental
performance taking into account their compliance with the characteristics of infrastructure
readiness and regulatory compliance. Thus this research does not venture into other areas of EV
innovation like vehicle design, charging infrastructure, or the supply chain logistics, but it is

focused on the recycling aspect of EV truck batteries in Finland.
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1.3 Structure of the Thesis

This thesis aligns with the standard structure, encompassing the following sections which cover
the aim of the research to conceptualise a framework for sustainable innovation in EV Battery

recycling.

Introduction: This part establishes the structure of the study, outlining the triggers, objectives,
challenges, scope, and research questions.

Literature Review: Provides a comprehensive exploration of the relevant theories and
frameworks, through an in-depth literature review.

Research Methodology: Concentrates on describing the research design and methods employed
to meet the thesis objectives.

Results: The results of the coding activities and thematic analysis are presented in this section. It
contains the basics of the resulting framework of the thesis, provided in the last section.
Discussion and Conclusion: This section answers the research questions, presents the research
findings, limitations, theoretical contributions, recommendations and potential directions for

future research.
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2 Literature Review

This section delves into the cost-effective and environmentally sound strategies for recycling EV
truck batteries in Finland. It summarizes the key EU and national policies affecting recycling
requirements, the main technological advances, including hydrometallurgy, direct recycling, and
the techno-economic factors. In addition, it also synthesizes life cycle assessment (LCA)
evidence to highlight hotspots in the environment and also compares the emergent recycling
infrastructure in Finland with regional and European goals. These dimensions combined offer a
broad overview of the current situation and finally give a break in knowledge especially on

heavy-duty vehicle batteries- which this thesis aims to resolve.

2.1 EU & Finnish Regulatory Frameworks

The European Union has developed one of the most comprehensive legal frameworks of battery
regulation throughout the lifecycle. The core of the legislation is the Regulation (EU) 2023/1542
that has become effective in 2023 and substitutes the previous Batteries Directive (2006/66/EC).
The new regulation, as opposed to its predecessor, which largely concentrated on collection and
waste management, offers binding provisions in the whole chain of value, including the sourcing
of raw materials and production up to the end-of-life management. Its goals are to increase its
circularity, high material recovery levels, to minimize environmental impacts and strategic
independence of the EU in critical raw materials (European Council, 2023).

The regulation has high levels of recovery and efficiency goals. Lithium-based batteries should
have at least 65% recycling efficiency by the end of 2025, and 70% by the end of the 2030. The
material recovery targets of 50 percent lithium and 90 percent cobalt, nickel, and copper by 2027
and 80 percent lithium and 95 percent cobalt, nickel, and copper by 2031 are set. Simultaneously,
compulsory requirements on recycled content will gradually be imposed: starting 2031, new
batteries will have to have at least 16% cobalt, 6% lithium, and 6% nickel, respectively, with
these numbers increasing to 2036. These allowances are to be used to boost investment in
recycling plants by ensuring that there is a long-term demand for secondary raw materials

(European Council, 2023; IEA, 2024).
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The other landmark requirement that the EU Battery Regulation has brought is the battery
passport which is a digital product passport that will come into effect in all industrial and EV
batteries with a capacity of and above 2 kWh beginning in 2027. The passport is also aimed at
providing detailed information such as battery composition, carbon footprint, recycled
information, performance and durability data and compliance information. The access will be
provided with the help of a digital platform and integrated with QR code. The passport will
enhance transparency and facilitate cross-border trade of secondary raw materials and enable
end-to-end traceability of all the battery value chain. (Hansen, Ruether, and Mennenga, 2024).
This type of traceability is also essential in controlling supplier sustainability risks within the
battery value chain, which are now more closely examined by regulators and investors

(Korhonen, 2025).

Most countries do not have effective regulations to make sure that the battery take-back system is
reliable, but the European Community took the lead in this direction. The initial Council
Directive on batteries and accumulators was issued in 1991, and then in 2006 Batteries Directive
(2006/66/EC) was declared, creating a reward-penalty scheme of collection and recycling. In
July 2023, the framework was again updated and the new Batteries Regulation (EU 2023/1542)
was adopted that also replaces the directive and becomes directly applicable across Member
States in February 2024. In order to give industries and national authorities enough time to make
changes, a transition period was given until August 2025, in which a transition could make the

existing practices coordinate with the new requirements (European Commission, 2023c).

The law provides a set of rules that have direct implications in the EV battery recycling industry.
To begin with, Article 70 Annex XII requires the treatment requirements to be the best available
technique to ensure maximum recovery and minimum environmental impact. Second, Article
71(2) and Annex XII define the recycling efficiency and material recovery objectives and
accompanying targets to guarantee the delivery of high-quality secondary raw materials by
recyclers. Third, the regulation does not allow disposal of waste batteries or energy recovery
(Article 70(1)) making recycling the main route of end-of-life treatment. Fourth, recyclers must

perform calculation and reporting on recycling efficiency and recovery rates by standardized
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methods (Article 71). Fifth, Article 72 dealing with the shipment of waste batteries also provides
that environmental protection is also guaranteed even where the treatment is done outside the
EU. Lastly, re-use and repurposing is also clearly encouraged (Article 73) since it is understood
that second-life applications can extend the number of years a battery can be used, thereby

improving its circularity (Moomivand, 2024).

The 2006 Battery Directive needed to be translated into national legislation by individual states
before the adoption of Regulation (EU) 2023/1542 and therefore could result in differences and
complexity. In comparison, the rule gives one common mechanism in the whole EU, eliminating
uncertainties among recyclers in creating transnational collaborations. It also has ambiguity in its
developing nature and brings threats and opportunities to future responsibilities. Companies in
the EV battery recycling industry will require building organizational capacity, processes, and
skills to welcome the ongoing change in regulations. In this regard, it is important to build
sustainable innovation systems that will enable the recyclers to meet the requirements and still be

competitive in a market that is growing at a very fast pace (Biswal et al., 2024).

Table 2.1. EU Battery Regulation - Selected Targets and Timelines

Requirement 2025 2027 2030 2031 2036
Recycling 265% (by - 270% - -
efficiency — 31 Dec) (by 31

Li-based Dec)

Material - 250% - 280% -
recovery —

Lithium

Material - 290% - 295% -

recovery — Co,
Ni, Cu
Battery Verification | Operational - - -
passport prep from 2027
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Requirement 2025 2027 2030 2031 2036
(EV/indust
rial 22
kWh)

Mandatory Disclosure — — Co 16%,Pb | Co 26%, Li
recycled only (from 85%, Li 6%, 12%, N1
content (in Aug 2025) N1 6% 15%

active

materials)

Source - Authors own creation

2.2 EV Battery Recycling Industry

The Batteries Directive (Directive 2006/66/EC) has regulated all forms of batteries and
accumulators (including waste batteries) in the European Union since 2006. In 2020, the
European Commission introduced the Circular Economy Action Plan that listed sustainable
batteries along with their lifecycle as one of the drivers of the zero-pollution goal of the
European Green Deal and the 2050 climate-neutrality vision (European Commission, 2020). This
framework was reinforced by the introduction of the new Batteries Regulation in 2023 that
included obligatory recycled content in new batteries, the introduction of a digital battery
passport to improve traceability, and the tightening of the collection targets on waste batteries

(European Commission, 2023).

These dynamic laws and regulations of the European Commission have fast-tracked the need for
e-mobility in Europe and this is a trend that has been observed in the past few years and is likely
to remain the same in the next decades. As an example, Norway has been on the forefront of EVs
and over 80 percent of new vehicles sold in 2022 are electric (McKinsey & Company, 2023).
Globally, electric car registrations in Europe are almost 3.2 million in 2023, including almost a
20 per cent increase over 2022 (International Energy Agency [IEA], 2024). In the near future, it

is estimated that in 2030, approximately 6070 percent of all newly registered passenger cars in
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Europe will be battery electric (ACEA, 2022; IEA, 2022). By the same year, the annual sales of
EVs in the world might hit 60-80 million vehicles, which highlights the fact that this transition is
still growing (RMI, 2023).

2.3 Cost and Techno-Economic Perspectives for EV Battery
Recycling

Recycling of lithium-ion batteries (LIBs) is the key to meeting the EU recovery objectives and
the general objectives of the circular economy. A number of solutions have come up, which are
broadly categorized as pre-treatment, pyrometallurgy, hydrometallurgy and direct recycling and
each includes certain advantages and limitations in addition to their maturity level. The
pre-treatment is a step that is critical irrespective of the downstream process. It is usually
characterized by the safe release of spent packs, mechanical dismantling, and shredding into
plastics, aluminum, copper, and so-called black mass, i.e. cathode and anode active materials
(Kim et al., 2021). The step minimises risks and maximises productivity at subsequent steps.
Localized pre-treatment hubs are also becoming a common recommendation in Finland and other
Nordic nations to reduce the cost and risk of movement of damaged batteries covering a long
distance. Such hubs predictably and cost-effectively stabilize the quality of refining downstream

processes by introducing predictability in its manufacture (Tuinman, 2025).

According to techno-economic studies, material value, process choice, logistics, and policy
drivers emphasize the cost structure in EV battery recycling. Such high-value chemistries as
Nickel-Manganese-Cobalt (NMC) and Nickel-Cobalt-Aluminum (NCA) are more profitable than
LFP, which has less recoverable cobalt and nickel (Harper et al., 2019). Various recycling
processes vary in their cost-efficiency: pyrometallurgy is strong but does not recover lithium,
hydrometallurgy is more successful in high recovery with higher chemical costs and direct
recycling has the highest theoretical value preservation with more complicated disassembly and

clean feed streams (Dunn et al., 2022).

Battery recycling is based on the market value of recovered materials and the metal content of

the feedstock in the process of revenue generation. Chemistries based on high-nickel such as

16



NMC are more profitable, as they produce high-value cobalt and nickel, whereas LFP
chemistries produce primarily iron and phosphate, which are less valuable in the existing markets
(European Council, 2023; Regulation (EU) 2023/1542). The recycled materials are not
extensively used in the new production in Finland; the use of side-stream materials is quite
widespread, but the use of recycles is also not widespread since it is more expensive and the
supply is not stable (Valli, 2023). This highlights the need for policy instruments in order to spur
demand. The EU Batteries Regulation helps to combat this by putting in place new mandatory
requirements of recycled materials in new batteries starting August 2031 onwards, that is, at least
16% cobalt, 85 percent lead, 6 percent lithium, and 6 percent nickel in the active material
(European Council, 2023; Regulation (EU) 2023/1542). Such quotas will generate predictable
demand of the recycled outputs, stabilize the revenues, and motivate the investments in the

recycling infrastructure (European Council, 2023; Regulation (EU) 2023/1542).

There are also a number of cost-effective and environmentally favorable strategies that
supplement these logistical improvements as noted in recent literature. To provide an example,
decentralized mechanical pre-treatment is proven to significantly cut down the emissions of
transport and the general recycling costs enabling the stabilization of materials prior to the
shipment over long distances (Harper et al., 2019). The analysis of life-cycle assessment also
suggests that the combination of pre-treatment and low-carbon electricity systems like in the
Nordic area would increase the environmental performance of hydrometallurgical processing
(Rinne et al., 2021). Also, the policy-consistent strategies, including the development of
recycling mechanisms to satisfy the EU recycled-content quotas have been noted to be
economically profitable through raising the value of recovered critical materials in the market

(Bobba et al., 2020).

2.4 Environmental Impacts

The increased need for e-mobility may lead to environmental effects that may jeopardize the
long-term sustainability of electric vehicles. Nevertheless, recycling of batteries is deemed to be

both eco-friendly and low-cost, and research shows that it decreases the energy requirement of
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the material production by up to 4850 percent (Dunn et al., 2012; Gaines and Dunn, 2014).
Moreover, non-recycled waste batteries impose a threat to human health by polluting the soil and
water, at the same time containing valuable substances that can be extracted by carefully
designed recycling technologies, creating an economic value and decreasing the number of

wasted natural resources (Sobianowska-Turek et al., 2021).

Collection and logistics have become the important areas of environmental hotspots in Nordic
countries. Long transportation distances, the scattered distribution of population, and regulatory
demands regarding the management of hazardous goods have a significant effect on the price and
environmental impact of end-of-life recycling of batteries in Finland (Ronkko et al., 2024). A
Swedish study also proves that recycling environmental benefits are determined not only by
downstream processing technologies but also by upstream elements, including the quality of
collection and the effectiveness of disassembling the batteries (Nurdiawati and Agrawal, 2022).
Some of these effects could be alleviated through the creation of pretreatment hubs nearer to the
collection points, which will allow transporting fewer battery packs at a long-range and ship
more stable fractions (Ronkko et al., 2024; Nurdiawati and Agrawal, 2022). These results are
directly concerning the context of this study in which the Finnish geography, logistical specifics,
and regulatory aspects became two of the key themes that affected the feasibility and
sustainability of EV truck battery recycling.

The other important aspect of recycling that affects the results of the activity is the chemistry mix
of new batteries. NMC and NCA are high-nickel chemistries, which can possess more beneficial
environmental impacts once recycled because they compensate for the heavy impacts of virgin
cobalt and nickel production (McKinsey & Company, 2024). In comparison, the increased
market share of LFP batteries, especially in commercial fleets, is problematic, as the cells are
filled with less valuable and critical materials (International Energy Agency, 2025).
Environmentally, such a move lowers the avoided cost of recycling, and such process
optimization and the creation of closed-loop reuse systems of phosphorus are getting more

significant (International Energy Agency, 2025).
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There is added complexity of the environmental assessment of EV batteries with second-life
applications. Recycling of retired batteries as stationary energy storage will prolong their
usefulness, which will increase the time before they will be recycled (Slotte, Pohjalainen,
Hanski, & Kivikyt6-Reponen, 2025). These types of life-extension approaches delay the supply
of secondary lithium and nickel to recyclers, altering the time of environmental gains on the
recovery of materials (Slotte et al., 2025). In Finland, a study by Khanal (2021) revealed that an
average EV (Nissan Leaf, 40 kWh) has about half the lifetime GHG emissions of a similar petrol
car (15,000 vs. 35,000 kg CO 2-eq), especially owing to the clean electricity mix in the country.
This indicates that, in addition to renewable enabling functionality, battery life can be extended
with second-life stationary storage, which seems to enhance such environmental impacts, but

recyclers have to consider delayed feedstock availability (Slotte et al., 2025; Khanal, 2021).

2.5 Infrastructure and Context in Finland / Nordics

Finland is in a unique state, with its access to raw materials, clean electricity grid and new
symbioses in the industrial sector all contributing to an attractive location to scale up EV battery
recycling. The industrial players in the nation include Fortum, the hydrometallurgical recycling
plant located in Harjavalta which has recently been granted a grant amounting to 84.6 million
euros by Business Finland to increase capacity (Fortum Battery Recycling, 2025). New entrants
Easpring Finland New Materials Oy is developing cathode active material (CAM) production in
Kotka with a starting investment aid of 115 million Euro as part of an 800 million project
(Easpring Finland New Materials Oy, 2025). This is backed by government funding at the EU
and Finnish level to improve the domestic supply chain and make it in accordance with the EU

recovery and recycled-content regulations (Fastmarkets, 2025).

Finland has problems with the infrastructural and fleet features, which makes EV battery
recycling a very hard prospect. The geographic dispersion, the low population density, and the
old-aged fleet of vehicles make it harder to reach new markets in Finland because of the
increased transportation and logistical expenses (Qazi, 2022). The pace of fleet renewal is also

slower than in some other EU countries, which could further slow the inflow of end-of-life EV
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batteries, which may impact the short-to-mid-term supply of feedstock to EV recycling facilities.
Also, within the Nordic heavy-duty truck industry, a Chalmers report finds that infrastructure
challenges, especially the time-power distance in charging, a shorter range, and safety levels,
continue to present ironic obstacles to widespread use of electric trucks (Berntsson & Petkovski,

2023).

The other limitation is that recycled materials have not been widely adopted in manufacturing.
Finnish manufacturers are still reluctant to use recycled inputs despite the increasing popularity
of the solutions related to the circular economy because they are worried about the costs and
unreliable supply chains (Valli, 2023). This restricts the establishment of domestic closed loop
markets and puts more emphasis on policy tools at the EU level like the compulsory recycled
content quotas. In the absence of a powerful demand, pull recycling facilities will be dependent
on exports of black mass or refined salts, and may pose a threat to the strategic autonomy of
Finland in the industry. To help resolve such problems, researchers and practitioners suggest that
regional pre-treatment hubs should be developed. Locating such hubs in or around fleet depots or
other key logistics hubs would greatly lower transportation expenses, reduce the risk of
hazardous goods, and provide a more consistent and uniform output of black masses to
downstream refiners (Tuinman, 2025). This would be a hub-and-spoke system that would be
added to the centralized hydro-metallurgical plants with the pre-treatment decentralized and the
refining centralized (capital intensive). The close proximity to industrial parks and clean energy
and wastewater treatment systems is seen as the main factors that these hubs must be

environmentally sustainable and economically feasible (Tuinman, 2025).

Safety training and workforce readiness is also identified to be relevant in the changing battery
recycling infrastructure in Finland. The geographic spread and the complexity of the regulations
in Finland enhance difficulties in the safe transfer, storage, and manipulation of high-voltage
battery packs (Ronkko, Majava, Hyvaski, Oksanen, Tervonen, and Lassi, 2024). The research
identifies environmental regulations and building standards as the barriers, such as allowing
regimes and safety/risk requirements, that could postpone the results of the circular economy
even in the case of an availability of the industrial capacity (Ronkko et al., 2024). In general, the

infrastructure in Finland is highly positioned, yet the lack of logistics optimization, integration of
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regulations, and supporting the need to use recycled materials still persists. Regional hub
investments, passport-ready data systems, and long-term off-take deals with EU cell and cathode

manufacturers are essential to access scale and fulfill EU requirements.

Table 2.2. Infrastructure actions for Finland

Action Purpose Aligns with
Build 2-3 regional | Cut DG miles, standardize | EU recovery targets & cost
pre-treatment hubs output (Tuinman, 2025)
Passport-ready data | Traceability, TEA | Battery passport (from
systems forecasting 2027)
Long-term offtake with EU | Monetize recycled content | 2031/2036 thresholds
cathode/cell buyers
Fleet partnerships (trucks, | Homogeneous feed for [ Higher yields vs. mixed
buses) direct recycling
Workforce & safety | Reduce incidents; | ADR/UN-TDG,  Finnish
training compliance safety codes

Source - Authors own creation

2.6 Synthesis and Research Gaps

In the literature review, a number of strategies are outlined that are specifically applicable in the
case of EV truck battery recycling in Finland. First, there are the regional pre-treatment hubs that
are extensively discussed as a means of cutting down the costs and risks involved in the
transportation of the hazardous end-of-life batteries to a long distance. These hubs stabilize the
feedstock and enhance the effectiveness of the downstream refining processes by releasing,

shredding, and refining the packs into black mass nearer to the collection locations (Tuinman,

2025).
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Second, hydrometallurgy continues to be the pillar of the Finnish recycling system, with high
cobalt, nickel, and lithium recovery rates, as per the EU requirements. To supplement this, direct
recycling procedures are selectively used where the feedstock is homogeneous, for example in
heavy-duty truck fleets. In these instances, cathode materials are stored and recycled with
considerable reagent and energy savings, as well as environmental benefits (Eggleston et al.,

2024; Giles et al., 2024).

Third, the use of digital traceability tools like the battery passport is required to minimize risks to
the sustainability of suppliers, ensure regulatory compliance, and maintain investor confidence.
All EV and industrial batteries larger than 2 kWh that use these mechanisms require strong data
systems throughout the Finnish recycling value chain (Korhonen, 2025; Hansen, Ruether, &

Mennenga, 2024).

Fourth, the recycled-content requirements in the EU (16, 6, 6, and 6 percent of cobalt, lithium,
and nickel in new batteries by 2031, and further by 2036) provide an assured market demand for
secondary materials. Such targets will enable Finnish recyclers to get long-term offtake contracts
with European cell and cathode producers, stabilizing revenues and encouraging investment

(European Council, 2023; International Energy Agency [IEA], 2024).

Lastly, second-life applications are likely to be complimentary. Although EV truck batteries used
as stationary energy storage will postpone the release of end-of-life packs to recyclers, it will
increase total service life and climate ambitions through more renewable energy integration. In
Finland, where the electricity mix is already comparably clean, such second-life applications are

able to boost system-level environmental benefits (Slotte et al., 2025; Khanal, 2021).

In spite of these encouraging strategies, there are still a number of gaps. To begin with, the
majority of the techno-economic evaluations (TEAs) and life-cycle evaluations (LCAs) have
concentrated on the battery of passenger EVs, providing scarce data on heavy-duty use. Truck
packs are not homogeneous in terms of the format, mass, and logistics requirements, and the
direct communication of the results is a problematic issue. Second, limited studies have been
made concerning the most optimal location and size of pre-treatment hubs in Finland,

particularly with consideration to the impact of the second-life use on the end-of-life timing
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flows. Third, the changing chemistry composition with the proportion of LFP batteries to NMC
growing is concerning the process choice, economics of recovery, and the value proposition of
direct recycling. Lastly, there is a competency gap in the translation of EU-level regulation to
plant-level operational necessities in Finland, including: the permitting timelines, fire-safety and
insurance standards, and standard operating procedures in depots. The need to fill these gaps
gives the justification to this thesis, which attempts to formulate cost-effective and

environmentally friendly recycling policies that are specific to EV truck batteries in Finland.

Table 2.3. Synthesis of Strategies and Research Gaps for EV Truck Battery Recycling in Finland

Strategies (What works best for Finland)

Research Gaps (Unresolved issues)

Regional pre-treatment hubs to cut DG
transport cost/risk and deliver stable black

mass (Tuinman, 2025).

Optimal hub location & scale under
Finland’s geography and EoL arrival

curves (sensitive to second-life delays).

Hydrometallurgy as the core process; direct
recycling applied where homogeneous fleet
packs enable higher value capture (Raj et

al., 2022; Eggleston et al., 2024).

Process choice under uncertain
chemistry mix (NMC vs. LFP shift) and
lack of design-for-recycling contracts

with OEMs.

Battery-passport-enabled traceability to
reduce supplier risk and ensure
due-diligence compliance (Korhonen,

2025).

Policy-to-plant translation gaps:
permitting timelines,
fire-safety/insurance requirements, SOPs

for depots.

Contracted offtakes under 2031/2036
recycled-content rules to stabilize revenues

(European Council, 2023; IEA, 2024).

Heavy-duty specific TEA/LCA for
Finland largely missing; most studies

focus on passenger EVs.

Second-life use delays recycling feed but
enhances system-level climate outcomes

(Slotte, 2025; Khanal, 2021).

Unclear impacts of second-life timing on
recycling business models and feed

availability.

Source - Authors own creation
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3 Research Methodology

Research methodology outlines the methods, activities, and processes involved in conducting
research, guiding the approach to carry out the study and ensuring its success (Aityan, 2022).
This section describes the data-gathering process, open coding, selective coding, and thematic

analysis steps and outlines the reliability and validity tests employed in this master’s thesis

The research paper takes an inductive, exploratory qualitative research approach that aims at
producing a deep insight into the cost-effective and environmentally friendly recycling methods
of EV truck batteries in Finland. Qualitative design is suitable due to the lack of previous
research on the topic of heavy-duty EV battery recycling and the necessity to capture expert

opinion in the technological, regulatory, and infrastructural fields.

Semi-structured expert interviews were used as the primary source of data, articles to support the
interpretation of EU regulations, Finnish policy documents, industry reports, and so on.
Information was coded by an open and selective coding and then thematically analyzed based on
the approach described by Nowell et al. (2017). This locates the study as a part of an inductive
tradition of thematic analysis, in which the emergence of themes is related to inductive

interaction of empirical data as opposed to predefined categories.
The given methodological orientation can be aligned with the characterization of qualitative

inquiry as the process of meaning building that is based on the perspectives of participants and

the facts of the context, introduced by (Creswell, 2013).
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3.1 Data Collection

The collection of data is divided into two parts:

Semi-structured interviews

The construction of the semi structured interview guide was done in a systematic, multi stage
process to guarantee clarity and suitability to the objectives of the research. A series of
open-ended questions was developed to investigate the expert opinion in each field. The
questions were structured in a way that supported elaboration and gave the respondents
opportunity to introduce new concepts and something technical and experiential. The thesis
supervisors and an industry professional were sent the draft interview protocol to go through it.
Their response was used to take the clarity, sequence, and scope of the questions. Based on the
feedback, appropriate changes were made to the questions to improve the clarity. This is in line
with Creswell and Miller (2000) strategies of validation, especially peer debriefing as a tool of
enhancing the accuracy of the content and appropriateness to research objectives.

A pilot interview was administered to check the usability, clarity and sequence of questions. This
guaranteed the right timing (30-40 minutes) and ensured that the questions raised got detailed
answers. There were minor modifications before the real stage of data collection. Pilot testing is
based on recommendations of Van Teijlingen and Hundley (2001) who have highlighted the
importance of pilot studies in enhancing the reliability of instruments in a qualitative study. The
last interview guide was a balanced combination of open-ended questions, which were structured
in a way that was consistent in all the interviews but flexible enough to give the respondents the

opportunity to provide context-specific expertise.

The research used purposive sampling to designate the respondents who had knowledge of EV
battery recycling, hydrometallurgical processes, regulative compliance, and Finnish battery
infrastructure. The proposed sampling technique was suitable in a qualitative study when the
researcher intends to get in-depth information as opposed to statistical inference (Palinkas et al.,
2015). Criteria of a respondent selection included the sample size which was chosen based on the
experience in the recycling of EV batteries, hazardous wastes, or battery metallurgy, experience

in EU Battery Regulation implementation, participation in environmental sustainability
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appraisals, logistics, or industrial activities, and accessibility to online interviews. The sampling
size was small but concentrated and was supplemented by the extensive triangulation with the
EU regulatory documents, governmental reports in Finland, and industry publications, as well as

previous scholarly works, which enhanced the validity of the results.
Secondary data collection

Secondary data is collected through policy and regulatory documents from Fortum, EU and
Finnish government agencies and reviewed to contextualize the legal framework. Analysis of
industry publications, sustainability reports and the available LCA studies are done to enable one
to know more about industry practices and the environmental implications. Triangulation is
supported by secondary data that assists in validating and enriching the results obtained from the
interviews. This multi-source policy will guarantee that the intricate terrain of EV truck battery
recycling is captured at depth (through interviews) and breadth (through documents). Carter et
al., 2014)

3.2 Open Coding

After gathering the primary data of semi-structured interviews and the secondary data of the
technical publication of Fortum (Fortum, 2023, 2024), industry reports and academic literature,
an open coding process was launched. The initial scan of the data was aimed at determining the
references related to the overall scope of the given research EV battery recycling technologies,
regulatory motivators, environmental aspects, logistical and infrastructural limitations, and
economics. The codes were broad and descriptive during this stage such as mechanical
pre-treatment, benefits of hydrometallurgy, logistical challenges, European regulations, recycled
materials, battery passport, environmental hotspots, and NMC/LFP economics. Such codes were
also found in the interviews and secondary literature issued by Fortum (2023, 2024) and found in

the EU policy texts (European Commission, 2023).

Categories were further broken down into more specific properties and subcategories during the
second reading. For example, the term hydrometallurgy benefits were further subdivided into the

following items, backed by interview data and disclosures of environmental performance of
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Fortum: high metal-recovery yields, compatibility with low-carbon Finnish -electricity,
compatibility with EU recycled-content quotas, and closed-loop water systems (Fortum, 2024).
The category, logistics constraints was narrowed down to black-mass transport benefits,
centralized pre-treatment hubs, and hazardous-material handling based on the comments left by
the interview participants and the Finnish nature of its infrastructure.

A third re-examination of the primary and secondary materials was done to narrow down and
combine and authenticate the relevance of the categories to the research purpose. Here, there was
a combination of similar codes (e.g., controls on EU regulations and controls on sustainability
rules) and separation of others (e.g., controls on reused content quotas and controls on battery
passport mandatory). After refinement 33 codes were selected which were related to the aim of

the research.

The open coding finally disaggregated the data into analytically significant parts, which made it
possible to systematically compare the data across the interviews, company publications, and EU
policy reports. These open coded concepts were the basis of the selective coding that was to take

place.

3.3 Selective Coding

After the open coding was done, selective coding was used to combine and systematize the
original categories into larger theoretically consistent groupings. Selective coding was performed
to create a storyline that would trace the relationship between the identified categories and each
other as well as with the overall research question of the costs-effective and environmentally
sustainable EV truck battery recycling in Finland. The codes of the high recovery yields,
conformity to EU recycled content requirements, and conformity to low-carbon Finnish
electricity were combined into a broader conceptual category of hydrometallurgy as the main and
most practicable recycling route. Both the technical documentation of Fortum and participants of

the interview supported these relationships.

Interdependence of categories was also detected during selective coding. It is worth mentioning
that such regulatory requirements as the quotas of recycled content (European Commission,

2023) and the carbon-footprint labelling rules were closely connected to hydro-metallurgical
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processing since this technology allows obtaining battery-grade metal salts to comply with these
rules. The infrastructure categories such as centralized pre-treatment, black-mass movement and
skilled-labour requirements were tagged into a category that explained the logistical and

infrastructural constraints and benefits of Finland.

The selective coding step decreased the number of 41 codes to an ultimate list of 33 codes. These
were grouped into four general code sets which included (1) Preferred Recycling Pathway, (2)
Infrastructure and Logistics, (3) Regulatory Drivers, and (4) Environmental and Economic
Considerations. These narrowed code categories formed the foundation of the thematic analysis

that is found in Section 3.4.

3.4 Thematic Analysis

Thematic analysis is used in this thesis as the main mode of analysis because it is suitable in
determining, analyzing, and interpreting the patterns that manifest in the qualitative data (Nowell
et al., 2017). Since EV truck battery recycling is a complicated issue, and regulatory,
technological, economic, and environmental forces interact, a thematic analysis is a suitable
approach to systematising the knowledge obtained based on both the interview transcripts and
secondary sources. The approach provides the flexibility of both inductive and deductive
reasoning (Lochmiller, 2021), making it appropriate for research to combine both theoretical

ideas (based on the literature review) and empirically based themes (based on the data).

As the thematic analysis can be characterized as a cyclical process of reviewing, refining, and
validating themes, this study had a cyclical review, refining, and validating of themes until a
consistent, comprehensive thematic framework was obtained (Nowell et al., 2017). This made
sure that the final themes were rationally relevant to the aim of the research and gave substantial
answers to the research question concerning cost-effective and sustainable strategies for EV

truck battery recycling in Finland within EU regulatory requirements.

The six phases proposed by Nowell et al. (2017) guided the analysis:
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Phase 1 - Familiarization with the Data: All the transcripts of the interviews, publications of the
Fortum (Fortum, 2023, 2024), and documents of the EU Battery Regulation (European
Commission, 2023), as well as related academic literature, were read multiple times in order to

have the complete picture of the information.

Phase 2 - Generating Initial Codes: Both inductive and deductive insights were generated into
codes based on interviews and regulatory frameworks and industrial practice respectively. Such
codes as battery passport, metal recovery yields, hazardous-material transport, closed-loop
hydrometallurgy, and chemistry value differences (NMC vs LFP) appeared in multiple sources of

primary and secondary data.

Phase 3 - Searching for Themes: Codes were aggregated into conceptual groups, out of which
four key themes would start adding up, namely, (1) hydrometallurgical dominance as the leading
recycling pathway in Finland, (2) the importance of infrastructure and logistical issues, (3) the
important role of the EU Battery Regulation, and (4) the interdependency of environmental and

economic performance of the recycling processes.

Phase 4 - Reviewing Themes: The coded data was checked against each possible theme to find
out whether it had enough evidence supporting it and that the activities reflected the scope of the
material. Conceptually inappropriate codes were reallocated or grouped together or eliminated.
The present review step made sure that the thematic structure was internally consistent, and

based on the empirical data, both the interview and secondary sources.

Phase 5- Defining and Naming Themes: Themes were well outlined with regard to scope and
purpose. The theme Preferred Recycling Pathway: Mechanical Pre-Treatment + Hydrometallurgy
can be used as an example as it determines both technical and regulatory factors that influence
the applicability of hydrometallurgy in the Finnish context, whereas Preferred Recycling
Pathway: Infrastructure and Logistics in Finland describes the geographic and operational factors

that define the recycling strategy.

Phase 6 - Producing the Thematic Narrative: The last four themes are the foundation of the
analysis narrative presented in Chapter 4. These themes are used to show how the infrastructure,

regulatory environment and the economic situation in Finland come together to form the best
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strategy of battery-recycling heavy-duty EV batteries. A centralized, hydrometallurgical,
regulation-focused process, which takes advantage of low-carbon electricity in Finland and

enables the EU to achieve its goals of a circular economy.

The thematic analysis facilitated by these six phases allowed the systematic and detailed analysis
of the information. This approach facilitated the integration of complex technical, regulatory, and
environmental considerations into a clear set of analytical themes that support the overall aim of

the thesis.
3.5 Coding Software

After gathering data, the NVivo 15 software is used to analyze the themes and patterns. This
software facilitated the coding process and enhanced precision and time saving in this important
stage of the research. All of the interview transcripts and collected data from the government
articles and Fortum website were imported to the software. All the documents were then
reviewed and parts of the documents which could support the research aim were marked and
assigned to appropriate codes, then the list of developed and refined codes was exported for
further analysis in this research. N'Vivo facilitated the document review and marking for thematic

analysis.

3.6 Research Result Validity and Reliability

Reliability and validity play a part in enhancing the integrity, accuracy, and quality of a study in
qualitative studies (Golafshani, 2003). This section explains how these factors were dealt with to

make the findings in this study.

Research Validity

This research is supported by the validity of the model by Creswell and Miller (2000) which is
two-dimensional and introduces nine validation procedures across postpositivist, constructivist,
and critical paradigms. These processes may be considered in three perspectives, which include
the researcher, the respondents, and the external reviewers. In the present thesis, the following

validation strategies were used:
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Postpositivist paradigm from the lens of the researcher - Triangulation: The triangulation was
used through matching and combining data obtained on various sources of data such as interview
transcripts, EU regulation documents, governmental publications of Finland, scholarly literature
and industry reports (Creswell and Miller, 2000). This guaranteed the validity of the findings
since it made sure that the themes were supported by converging evidence on various types of

materials other than basing it on one point of view.

The data were of a hybrid nature, which is why the triangulation process was especially
applicable. The insights of the interviews indicating real-life difficulties in the battery recycling
of EV trucks were checked against the requirements of the EU Battery Regulation provisions,
Finnish regulatory processes, and published materials of the significant industry players like
Fortum. The formation of codes based on every data source helped to form the thematic
framework in Section 4, which proved that no theme was based on a particular dataset or on the
views of the stakeholders. Such consistency in various sources increases the strength of the

results and justifies the credibility of the overall story.

Critical paradigm from the lens of the researcher - Researcher reflexivity: Reflexivity on the part
of the researcher was also added to explain how the background, interpretations and positionality
of the researcher can affect the analysis process. This study addresses these reflections explicitly,
as the researcher identifies the possible biases and gives credit to them as they influence the
interpretation of data. This openness enables the reader to evaluate the impact of subjective
issues on the ultimate themes and to reduce the chances of unchallenged assumptions on the

findings as suggested by (Creswell and Miller, 2000).

Postpositivist paradigm from the lens of the reviewer - Audit Trail: The validity of the research is
also improved using audit trail. During the research process, the documentation (methodological
decisions, processes involved in the coding, development of the themes) was provided to the
thesis advisor and to an external scientist in the field of sustainability and battery value-chain
research. These reviewers provided critical feedback on the analysis procedures, integrity of

interpretation as well as consistency between the data and outcome.

This peer debriefing exercise was based on the advice given by Creswell (2013) that external

auditing is effective in ensuring that the research process is credible, systematic, and traceable.
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The contribution of the reviewers facilitated the refinement of the codes, reinforced the rationale
existing between the themes and the research questions, and acted to make thematic analysis

transparent and methodologically correct.
Research Reliability

Reliability is used to refer to the consistency and dependability of the research process in
qualitative research (Golafshani, 2003). The data collection and analysis processes were properly
documented to facilitate reliability. Each interview was conducted using a similar protocol, was
recorded with the agreement of participants, and transcribed precisely. On the same note, the
collection of secondary documents was based on set criteria that are associated with the scope of
the research study and therefore, only regulatory and industrial resources were incorporated.
Although the research is based on a considerable volume of secondary data, these sources are
known to be helpful in terms of offering the context, cross-checkable information, and additional

understanding of complex phenomena (Ritala, Golnam and Wegmann, 2014).

The data was systematically organised and coded using NVivo software thus minimizing chances
of inconsistencies in the analysis. The multi-stage coding method, which involved open coding,
selective coding, and thematic review, has been applicable throughout the dataset and therefore is
a replicated method of analysis. This methodological design of the research helps in the general

credibility of the final results.

Reliability should, however, consider the weaknesses of the dataset as well. Although this thesis
uses several types of evidence, the diversity of secondary data is limited by the access to the
publications of particular actors of the industry, organisations of regulators, and government. The
interview involvement is also restricted to experts who were available in the Finnish EV battery
ecosystem. These limitations do not affect the accuracy of the process itself, but they do put the

scope of interpretation in the context of the limitations of the available data.
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4 Results

This is the chapter where the empirical findings based on the open coding, selective coding and
the thematic analysis process are presented. Findings are arranged in accordance with the four
ultimate themes produced during coding (1) Preferred Recycling Pathway, (2) Infrastructure and
Logistics, (3) Regulatory Drivers, and (4) Environmental and Economic Considerations. It will
combine the results of the academic expert interviews and the data from the secondary sources
including EU policy reports, Finnish governmental resources, and the industry resources (e.g.,
Fortum 2023 - 2024). All the quantitative values present in this chapter are descriptive estimates
based on triangulation of public techno-economic data and interview feedback, in order to

contribute to the understanding of the thematic trends.

4.1 Theme 1 - Preferred Recycling Pathway: Mechanical
Pre-Treatment + Hydrometallurgy

The first theme shows great synergy between interviews and documents that the mechanical
pre-treatment and hydrometallurgical refining are the most reasonable way of creating a
cost-efficient and environment-friendly recycling of EV truck batteries in Finland. This route is
consistent with the situation in contemporary industrial practice in the Nordic region, particularly

the hydrometallurgical plant of Fortum in Harjavalta.

Theme 1 - Preferred Recycling
Pathway: Mechanical Pre-
Treatment + Hydrometallurgy
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Figure 1: Theme 1 - Preferred Recycling Pathway: Mechanical Pre-Treatment + Hydrometallurgy

Source: Authors own creation

4.1.1 Hydrometallurgy as the Dominant Recovery Method

Each of the interviewees gave a response of hydrometallurgy as the pillar of sustainable
recycling in Finland because of its high recovery rate and its alignment with EU regulatory
standards. Interviewee A pointed out that the only channel that can achieve the 2031 and 2036
recovery thresholds is hydrometallurgy. Hydrometallurgy is a branch of extractive metallurgy
that involves the use of aqueous solutions for the recovery of metals from ores, concentrates, and

recycled or residual material. (Bhargava et al., 2016)

In secondary data sources, hydrometallurgy always provides the following recovery rates:

® 90-95% for cobalt, nickel, and copper
e 70-85% for lithium

e 05 percent in the case of aluminium and copper in upstream mechanical pre-processing.

Such policies are in line with the EU Battery Regulation of 2027 and 2031.

The low-carbon electricity mix of Finland was also mentioned by interviewees as a strategic
asset of Finland. Since hydrometallurgy is an electricity-intensive process, emissions of the
carbon-lean grid of Finland (approximately 100 - 120 gCO 2/kWh) give rise to significantly
lower emissions of the process in comparison to the countries that depend on fossil sources. One

participant noted:

“Conducting Hydrometallurgy in Finland is a way to maximize its positive effect

on the environment since the energy input is nearly decarbonised”

4.1.2 Role of Mechanical Pre-Treatment

The interviews and the documents were merged in the significance of mechanical pre-treatment

as a precondition to the efficient refining. Mechanical processes such as break-down of the pack,
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separation of the modules, discharge and shredding to obtain black mass constitute about 35-50
percent of the overall recycling expenses. It was unanimously acknowledged that the majority of
labour, safety, and logistic complexities are encountered during the pre-treatment process,
especially with EV truck packs which are heavier (300-700 kg per pack), more variable in format
and not as easy as passenger vehicle batteries. Interviewees claimed that in Finland, there is no
non-southern Finland pre-treatment capacity that is decentralised. This lack directly influences

costs of logistics and impact on the environment, which is covered in Section 4.2.

4.1.3 Limited Applicability of Direct Recycling

Recycling cathode materials that are directly recycled and reintroduced back into the product
was identified as potential as it can reduce energy consumption and preserve material value.
However, this approach is constrained by challenges such as material impurities, heterogeneous
degradation of different cathode chemistries, and difficulties in scaling the process to industrial
levels (Liu et al., 2025). The interviewees repeatedly indicated that heavy-duty truck batteries

are rarely as homogenous as feedstock would require direct recycling due to:
e Different battery models in the fleets
e Varied conditions of end-of-life health
e An increasing proportion of LFP chemistries
o Weak coordination between OEM and recycler

As Interviewee A summarised:

“Production scrap or tightly controlled fleets are the place where direct recycling

makes the most sense, but not mixed end-of-life truck batteries”

Thus, direct recycling is not regarded in the Finnish context, and within the contemporary

industry, as a mainstream, but as a niche addition to hydrometallurgy.
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4.2 Theme 2 - Infrastructure and Logistics in Finland

The second theme is the infrastructural and logistical setting that determines the cost and
feasibility of recycling. The results show that the infrastructure preparation in Finland is also of
mixed quality such as industrial refining capacity is high, but the logistics network of heavy-duty

EV batteries (upstream) is not well-developed.
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Figure 2: Theme 2 - Infrastructure and Logistics in Finland

Source: Authors own creation

4.2.1 Transportation as a Major Cost Driver

Logistics was recognized as one of the biggest cost drivers to the battery recycling of EV trucks
in Finland by all interviewees separately. Because of the vast distances between city centres and
low density of population, the transport of hazardous battery packs can take up to 30 to 40% of
the overall recycling costs. The most important logistical issues are that Harjavalta or other
facilities are a long way to drive, safety requirements related to ADR/UN-TDG adds to the cost
of packaging and handling, the risk of weather conditions (cold-climate stability, access to the

road) and poor access to specialised vehicles to carry EV batteries.
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Interviewee B explained:

“A damaged heavy-duty pack cannot be transported as cheaply as the
hydrometallurgical step itself, and specially in cases where several safety

measures are involved it can be more expensive than all of the steps”.

4.2.2 Lack of Decentralised Pre-Treatment Facilities

The data indicated strong support for regional pre-treatment hubs, which is a cost reduction
measure. These hubs would enable stabilisation of packs to their point of collection,
transforming them into black mass which can thus be transported in a safer and cheaper way.
Interviewees noted that lack of such hubs adds more cost and environmental load. Considering
the example, transporting intact truck battery packs in northern Finland to one of the southern
locations increases transport CO2 emissions by up to 60-70 percent in contrast to a model with
regional hubs.
Thematic analysis revealed that the most appropriate model of Finland would be a
hub-and-spoke one:

e Spokes 2-3 regional pre-treatment hubs in close proximity to major logistics centres (e.g.,

Oulu, Jyvaskyla, Helsinki region)

e Hub: Major hydrometallurgical refining station (e.g., Harjavalta)

This is a model that is consistent with the results of recent Nordic circularity research in Finland,

Sweden, and Norway.

4.2.3 Workforce and Safety Readiness

Secondary sources and interviews emphasized that there were ongoing issues regarding labor
skills and safety measures. Finnish laws involve massive safety measures to work with
high-voltage EV batteries, and interviewees noted that there is limited availability of trained
dismantling technicians, there are uncoordinated safety practices in the depots, and long

allowances of time to develop new facilities because of fire safety conditions.
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4.3 Theme 3 - Regulatory Drivers Affecting Cost and Strategy

The third theme is the importance of EU and Finnish regulations as both limitations and
facilitators of designing a recycling system. Cost structures are directly affected by regulatory
requirements (e.g., reporting requirements) and indirectly (e.g., encouraging the use of recycled

material).
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Figure 3: Theme 3 - Regulatory Drivers Affecting Cost and Strategy

Source: Authors own creation

4.3.1 EU Battery Regulation as a Central Enabler

The 2023 EU Battery Regulation is one of the key drivers that all interviewees concurred and
influenced the Finnish strategies of recycling. Respondents considered the regulation as both
ambitious and very influential due to the fact that recycling efficiency and material recovery are
bound requirements that would force high-yield processes such as hydro metallurgy. Obligatory
recycled material (6% Li, 6% Ni, 16% Co by 2031) will ensure the long-term demand does not
fluctuate. The battery passport requires end-to-end traceability, which is higher to administrative

cost, but expedites quality and transparency.

4.3.2 Cost and Administrative Implications

Regulations open opportunities in the long-term perspective but cause cost pressures in the
short-term as reporting and documentation requires more human resources and computer

software. The system-wide integration of data is needed to comply with battery-passport.
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4.3.3 Policy-to-Plant Translation Challenges

Interviewees observed that there is complexity in translating the EU rules into the facility level in
Finland. Combined with other issues, policy-to-plant translation can be viewed as one of the

greatest operational problems of Finnish recyclers.

4.4 Theme 4 - Environmental and Economic Considerations

The fourth theme summarizes the interaction between environmental and economic outcomes in
the establishment of the best recycling practices. The results emphasize that the most
eco-friendly ones do not necessarily represent the lowest-cost ones- but the difference can be

smaller than expected.

Theme 4 - Environmental
and Economic
Considerations

441
Environmental
Benefits of High-
Efficiency
Recovery

442
Cost-
Environmental
Trade-offs

Figure 4: Theme 4 - Environmental and Economic Considerations

Source: Authors own creation

4.4.1 Environmental Benefits of High-Efficiency Recovery

The interviewees all emphasized that recovery of metals at high efficiency is critical to
environmental performance. Hydrometallurgy allows achieving significant lifecycle emissions

reduction by eliminating the use of virgin raw material.
Exemplary calculations regarding the EU and Nordic LCA studies demonstrate:

Recycling 1 tonne of NMC truck battery will prevent 2.53.0 tonnes of CO2 -eq generated by

producing virgin materials. Hydrometallurgy uses high efficiency with a result of 20-30 percent
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lower emissions compared to pyro-based. Every 10 percent higher recovery efficiency lowers the

net CO2 effect by 8-12 percent.

4.4.2 Cost—Environmental Trade-offs

The common thread in the interviews was

maximising the environment.

[llustrative modelling suggests:

the trade-off between minimising costs and

mass to low-cost
countries

Scenario Cost per tonne CO:-eq impact CRM recovery
(estimate)
A. Centralised €4,000 - €5,000 Medium High
hydrometallurgy
only

B. Hub-and-spoke €4,500 - €5,500 Low High+

with regional

pre-treatment
C. Exporting black €3,000 - €4,000 High Medium

Source - Authors own creation

4.5 Synthesis of Findings

The most cost-effective and environmentally sound strategy for Finland involves:

A e

Regional mechanical pre-treatment hubs.
Centralised hydrometallurgical refining.

Battery-passport-compliant data systems.

Integration of environmental metrics into cost modelling.

Workforce, permitting, and safety investments.
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Finland is well-positioned to lead the EV truck battery recycling

infrastructure gaps are addressed.

Table 4.5.1. Cost—Environmental Scenarios

sector when upstream

Mass

Scenario Estimated Cost per CO: Impact CRM Recovery
Tonne
A: Centralised €4,000 - €5,000 Medium High
Hydrometallurgy
B: Hub-and-Spoke €4,500 - €5,500 Low High+
System
C: Exporting Black €3,000 - €4,000 High Medium

Source: Authors own creation
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5. Discussion & Conclusion

This chapter explains the findings in Chapter 4 with respect to the research question: What are
the most cost-effective and environmentally friendly strategies to recycle the EV truck batteries
in Finland based on infrastructure and EU regulatory requirements? The discussion also
incorporates the findings into the literature review and shows the implications, contradictions,

and contributions of this study.

5.1 Interpretation of Key Findings

The results very much support the fact that the model of recycling-regional mechanical
pre-treatment hubs and the central hydrometallurgical refining can be considered both cheap and
aligns with the EU regulation and environmental objectives. Such a system responds to the
geographic limitations of Finland and allows achieving high recoveries yield, which is essential

given the strict recovery and recycled content demands of the EU.

5.1.1 Hydrometallurgy as the Core of Finnish Recycling Strategy

This study found that hydrometallurgy is technically and environmentally efficient in the
recycling of EV truck batteries in Finland. Its high recovery efficiency (reaching 95% in Ni, Co,
Cu), its conformance with EU recovery targets, and its close conformance to its low-carbon
electricity system were all emphasized by the interviewees. With hydrometallurgy, it will be
possible to recycle battery-grade salts up to the high EU Battery Regulation recycled-content
targets of 2027 and 2031. In Finland, the environmental cost of hydrometallurgy is also less since
the national electricity grid has one of the lowest carbon intensities in Europe, which increases its

advantage over other countries.

The results confirm previous studies by Dunn et al. (2012), which pointed to the positive effect
of hydrometallurgy on life cycle compared to pyrometallurgy. The results also expand on the
findings of Harper et al. (2019), who observed that hydrometallurgy is taking center stage in the

circuitry battery economy in Europe. But in contrast to the earlier literature, which, to a large
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extent, concerned the battery of passenger EVs, this thesis shows that hydro-metallurgy is still a
viable solution even in the case of heavy-duty truck batteries, as they are larger, heavier and

more chemically varied. This broadens the relevance of previous theory to a less-researched part.

5.1.2 Role and Limitations of Direct Recycling

Direct recycling is not applicable in Finland due to the high degree of heterogeneity of truck
battery feedstock as well as mixed chemistries and lack of uniformity necessary to conduct
effective cathode-to-cathode regeneration. However, heavy-duty EV truck batteries have
differences in form factor, safety design and chemical composition and thus the process is not
consistent and scalable. Therefore, the research validates previous theories but goes further in
order to prove that direct recycling is still less applicable to the case of Finland (heavy-duty

segment).

5.2 Infrastructure as Both a Barrier and Opportunity

This research finds that there is a dualistic pattern in the infrastructure of Finland. The reason for
this could be that on one hand it has well developed hydrometallurgical capacity, pure electricity,
government investment, and conformity to EU regulation and on the other hand long
transportation schedules, lack of pre-treatment centres, old fleet and expensive logistics

(transport constitutes up to 40 percent of total recycling expenses).

The infrastructure gap is identified mostly on the higher levels: collection, dismantling, and safe
logistics of hazardous goods. These loopholes have a huge effect on the cost efficiency since the
geographic distribution of Finland would mean more miles of transport. The results note that the
establishment of regional pre-treatment hubs will eliminate the transportation of hazardous

materials, increase safety, and decrease emissions by up to 70 percent.

These findings confirm Roenkko et al. (2024), who discovered that in Nordic battery value
chains, logistics is an environmental hot-spot. They are also substantiating Tuunman (2025), who
suggested a hub-and-spoke system of Finnish recycling. Nonetheless, this thesis broadens the

literature as it shows that the hub-and-spoke model is not only economical to use, but also it is a
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strategic requirement in order to comply with the EU reporting and carbon footprint

requirements.

5.3 Regulatory Implications and Industry Readiness

The Finnish EV battery recycling sector is defined by the EU Battery Regulation that influences
almost all of their strategic choices. The high targets compel it to invest faster and drive recyclers
to high yield technologies. Interviewees considered the regulation to be a stabilising factor,
which is consistent with industry analysis (IEA, 2024).

Nevertheless, regulatory compliance costs, estimated at 5-8 percent increase in operational cost,
represents a short term economic cost burden. The literature has shown that there are similar
costs during initial stages of regulatory transition (Dunn et al., 2022). The battery passport
requirement is a revolutionary yet complex aspect, it will increase transparency and require

extensive digitalisation work along the value chain.

5.4 Environmental-Economic Trade-offs

The results prove that there is a distinct theme that the most environmentally beneficial strategies
are not always the ones that are cheapest but the price point difference is usually marginal in
relation to the long-term outcomes. For example, a switch in the centralised model to a
hub-and-spoke one can merely add approximately 4500-5500 Euros to the total costs (per tonne)

but diminish CO2 emission (up to 70%) and recover efficiency.

5.5 Contribution to Theory and Practice

This research has a number of significant contributions in terms of theory and practice of EV
battery recycling. Theoretically, it applies the EV battery recycling theory to the case of
heavy-duty truck batteries. Although the available literature has mostly concentrated on
passenger EV batteries, this thesis is a broader theoretical understanding of the study in that it
examines the special logistical, chemical, and safety implications that accompany heavy-duty
truck batteries. Also, the study incorporates regulatory frameworks into the recycling pathway
modelling, showing how the EU Battery Regulation influences the recycling strategy options.

The other theoretical contribution is the elaboration of systems models with context
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specifications in small, dispersed geographies. The hub-and-spoke model is a network
configuration where only a few central nodes called hubs are considered as central redistribution
and collection points of all the flows between the peripheral nodes referred to as spokes. The
model does not create direct paths between each pair of nodes, but instead directs traffic of the
spokes to hubs, which sorts and forwards it to its destination. This design helps organizations to
eliminate the overall number of routes needed, enjoy economies of scale, and enhance load
performance due to concentration of activity in fewer and highly optimized places (An et al.,
2015). The model is very popular in transportation and logistics as it makes the operation easier
and less expensive by consolidating the flows at the hubs, which usually have a larger capacity
and lower unit cost than the smaller nodes. The strategy also improves network connectivity
through a large number of origin destination pairing being served by a more limited number of
transfer points (An et al., 2015). This model is especially applicable to countries featuring
geographical constraints like Finland that fills a gap in the current models that often overlook the
influence of low population density on recycling system design. Moreover, the study also
contributes to the environmental-economic trade-off theory as it demonstrates that improvements
to the environment are possible at the minimal incremental expense providing empirical evidence
that supports the thesis according to which eco-efficiency can be attained without significant
economic taxation.

In the practical aspect, the study provides practical knowledge to the recycling industry in
Finland in the form of the suggested hub-and-spoke system as it will offer operational
recommendations on where to place facilities, how to optimize the logistics, and how to meet the
regulations. The findings can also be used by policymakers, as the study presents the areas that
regulatory support is required the most such as the digital infrastructure of battery passports,
financing the pre-treatment hubs in the local regions, and incentives of safe transportation of
dangerous materials. Recyclers and OEMs are advised how to prepare to achieve high recovery
targets, combine life-cycle assessment figures and how to strategically invest on hydrometallurgy

capacity.
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5.6 Limitations

The study has a number of limitations that must be mentioned. First, the sample size of the
interviewees in the interviews was also small, although the responses of the experts interviewed
were informative, a larger sample, such as OEMs, logistics firms, and EU regulators, might have
also been informative. Second, not much publicly available techno-economic data are available
regarding heavy-duty batteries. Data on truck-specific chemistries, aging characteristics and
recovery yields are limited and although the research uses illustrative modelling using
triangulated estimates, these are not necessarily sufficient to represent all the real-world
variation. Third, the research is limited geographically to Finland, which is a country with
specific features, such as clean electricity mix, long transportation distances, and low population
density, which might restrict the extrapolation of the results to other nations. Fourth, the
regulatory environment is a constantly changing environment e.g. some of the EU Battery
Regulation provisions continue to be developed e.g. battery passport implementation details,
which might change in the future and increase or decrease cost structures and compliance loads.
Lastly, there is a possibility of biasness due to secondary sources of data such as publications of
companies which might be framed optimistically. Triangulation will help to reduce this risk, but
not to eradicate it. However, all these limitations are not deemed to be a major threat to the

overall validity of the findings of the study.

5.7 Recommendations for Future Research

The future study may pursue a number of opportunities which would enhance the knowledge and
process of EV truck battery recycling in Finland. Among them is the optimisation of regional
pre-treatment sites and in this case, the modelling activities may assist in identifying the most
effective distribution of the facilities spatially to reduce the transportation requirement and
emission levels. Also, a comparative life cycle analysis of NMC and LFP truck batteries in the
Finnish scenario would help to make a valuable contribution to the understanding of the different
chemistries and their effects on the environmental performance and recycling policies. A review
of policy tools which are used to incentivize the use of recycled material is yet another important
issue, especially the lower-value chemistries that frequently do not have a strong market pull.

Lastly, it might be possible through additional research on advanced automation technologies in
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processes of pre-treatment that there can be opportunities to cut down on labour needs, high

throughput and reduce safety margin of workers.

5.8 Concluding Remarks

The thesis has examined cost-effectiveness and environmental sustainability measures of
recycling the end-of-life EV truck battery in Finland under the EU Battery Regulation. The
combination of semi-structured interviews with experts, regulatory analysis and thematic coding,
the study uncovers that a hub-and-spoke system, i.e., regional mechanical pre-treatment hubs
into centralized hydrometallurgical refining, is the most suitable to balance high critical-metal
recovery and regulatory compliance with environmental performance in Finland.
Hydrometallurgy is realized to be the key downstream technology, addressing the future EU
recovery and recycles-based targets, and decentralized pre-treatment minimizes the costs and
emissions of hazardous-goods transportation. In general, the results point to the fact that the EU
Battery Regulation is the primary force that harmonizes technological decisions, infrastructure
needs, and environmental performance to make sure that the recycling strategy developed in
Finland is both up-to-date and adaptable. Non-technical barriers (such as permitting, workforce
and safety preparedness, and market adoption of recycled materials) are also identified in the
analysis and policy recommendations such as investment assistance in regional hubs,
battery-passport, and offtake guarantees to mitigate investment risk are recommended. Overall,
Finland is well positioned thanks to its low-carbon electricity mix and emerging
hydrometallurgical capacity to become a European focal point for EV truck battery recycling,
provided the logistical bottlenecks and regulatory-to-plant translation challenges identified here

are addressed through coordinated industry, policy and infrastructure action.
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