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Executive Summary

The European Union increasingly frames the Circular Economy as a means to advance its
Open Strategic Autonomy vision. This shift is increasingly reflected in policies on the
supply security of critical raw materials. Titanium metal is central to this debate given its
importance for aviation and defence and the European structural reliance on external
suppliers; however, two significant limitations persist in the research assessing how
circular strategies contribute to its supply security. First, there is no integrated, system-
wide assessment that explicitly quantifies the security gains of circular interventions in
its material and economic dimensions. Second, while policy narratives increasingly link
circularity to strategic autonomy, empirical assessments continue to rely on isolated
indicators that are not directed by clearly defined strategic objectives. As a result, the
security implications of circular economy strategies for titanium remain insufficiently
operationalised.

To address these gaps, the thesis develops an analytical framework and applies it to
titanium supply security adopting a national security discourse. Within this perspective,
supply security is defined along two measurable dimensions of strategic autonomy,
material self-sufficiency and domestic value creation, which guide the selection of
indicators used to evaluate circular interventions. The framework is applied by first
reconstructing the current titanium supply chain in the European Union through Material
Flow Analysis, identifying key stocks, flows, and external dependencies. It then develops
two scenarios in the aviation sector up to 2040, enhanced domestic recycling and aircraft
lifetime extension, which are modelled using dynamic MFA to assess material effects and
Multi-Regional Input-Output analysis to evaluate the corresponding impacts on domestic
value creation across the economy.

The baseline analysis shows that the current titanium configuration in the European
Union is characterised by two structural vulnerabilities: near-total import reliance at the
midstream level and substantial losses through pre-consumer scrap generation during
component manufacturing. Enhanced domestic recycling delivers the strongest
improvements in both dimensions of supply security, increasing material self-sufficiency
by approximately 35% and generating an estimated €43.7 million in domestic value
added and around 500 jobs added. However, these gains are largely driven by the
retention and reprocessing of pre-consumer scrap rather than by end-of-life recovery.
Even under existing remelting capacity, secondary feedstock would be depleted within
roughly a decade, limiting its structural contribution. Besides, more than half of the pre-
consumer scrap produced is still bound to buyback agreements with the United States,
remaining a significant constraint to strategic autonomy. On the other hand, aircraft
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lifetime extension performs more modestly in static comparisons, delivering roughly half
the economic gains of recycling. Yet, by slowing inflow requirements, it acts as a demand-
side buffer, suggesting that strengthening maintenance, repair and overhaul capabilities
represents a relevant complement to recycling efforts.

In conclusion, this thesis contributes to the understanding of how circular economy can
support strategic autonomy objectives, highlighting that their effectiveness depends on a
holistic, system-wide, and dynamic perspective on the supply chain. Conceptually, it
situates circular interventions within a resource security framework, bridging industrial
ecology with international relations considerations of critical raw materials.
Methodologically, it introduces a hybrid approach combining dynamic Material Flow
Analysis with Multi-Regional Input-Output modelling, enabling simultaneous assessment
of material flows and economic interdependencies. Empirically, the application to
titanium illustrates both the opportunities and limits of circular interventions, providing
evidence to inform policy and industry strategies for strengthening domestic control and
industrial capacity.
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Chapter 1

Chapter 1 - Introduction

1.1 Background

The European Union (EU) was originally founded on the premise that shared control over
strategic resources reduces conflict and strengthens collective security. (Bennett, 2022)
Its direct precursor, the European Coal and Steel Community (CSC), institutionalised
resource governance as a foundation of political stability: by pooling two vital resources
for industrial recovery, it laid the basis for cooperation and trust (Pecchia et al.,, 2024;
Segers, 2023). For several decades, multilateral trade regimes supported economic
expansion, while transatlantic security arrangements allowed Member States to
prioritise civilian investment over defence spending. Under these conditions of
predictability, both deepening trade and material interdependence were largely
perceived as an opportunity rather than a vulnerability (Letta, 2024). However, recent
geopolitical crisis and supply chain disruptions have shifted this perception. The tension
between the EU’s economic, strategic, and environmental goals has reached a breaking
point; as Draghi (2024) observes, "the foundations on which we built are now being
shaken". Yet these foundations remain rooted in the collective governance of key
resources, once coal and steel, now critical raw materials (CRM).

Against this background, a new strategic orientation emerged under the label of Open
Strategic Autonomy (OSA). While maintaining a commitment to open markets, OSA
reframes interdependence as a structural risk when concentrated in critical sectors. It
seeks to reduce excessive dependencies in strategically sensitive value chains without
reverting to protectionism (Kroll, 2024). This vision is reflected in the progressive
expansion of the concept of material criticality in EU policy. Originally linked to military
applications, it has been formalised through assessments combining economic
importance and supply risk, thereby identifying materials essential to key industrial value
chains (Schrijvers et al., 2020). The subsequent introduction of the category of Strategic
Raw Materials (SRM) further politicised this approach, explicitly prioritising materials
indispensable for the green and digital transitions, as well as for aerospace and defence
(JRC, 2025).

This evolution culminated in the adoption of the Critical Raw Materials Act (CRMA) which
sets binding targets for domestic extraction, processing and recycling, and limits
dependence on single third countries (Grohol & Veeh, 2023). Crucially, the CRMA marks
a shift in the positioning of the Circular Economy (CE): from an initially waste-oriented



Chapter 1

policy (Gregson et al., 2015), to a competitiveness-driven (European Commission, 2015)
and just transition agenda (Calisto Friant et al., 2021) and now to an instrument explicitly
linked to resource security. While the broader sustainability framing has often struggled
to generate consensus among Member States, resulting in fragmented implementation
and limited transformative impact (Castillo-Diaz et al., 2024; Pinyol Alberich et al., 2023),
the integration of CE into the criticality and security agenda may alter its political traction.

Further confirmation of this trajectory is provided by the Strategic Foresight Report,
which states that “security has become the key vector for all EU policies” and highlights
the opportunity of new civil-military synergies, particularly in dual-use materials
(European Commission, 2025). Within this framing, innovation in CE practices is
explicitly identified as a pathway to reduce strategic dependencies. In the same direction,
Tukker (2025) argues that circular strategies such as urban mining and design for
circularity are mechanisms to retain control over the supply chain of stranglehold
technologies, becoming a means of safeguarding industrial sovereignty. Positioned neatly
within this debate, recent research on titanium in aviation demonstrates that this metal
mirrors the very tensions that currently defines the EU’s quest for securitised raw
materials.

Owing to its exceptional strength-to-weight ratio, corrosion resistance and durability,
titanium metal! is indispensable in aerospace and defence applications. In civil aviation
alone, the share of titanium in aircraft structures has increased from negligible levels to
approximately 15 percent of total weight over the past five decades (Hoff et al., 2025). The
metal clearly embodies the so called “minerals trilemma” (Vivoda et al., 2025) as it
generates high economic value, contributes to fuel efficiency through lightweighting and
lacks viable substitutes in critical defence applications. At the same time though, its
supply chain is characterised by high import dependence, geographically concentrated
extraction and processing, and minimal domestic recycling due to binding exports
agreements (Buesa et al., 2025). Despite various drivers to circularity have been already
identified as pathways to enhance domestic control of the supply chain, further research
is needed to model material and economic scenarios to complement existing policy
recommendations (Baldassarre, 2025).

Two contributions currently provide the most comprehensive assessments of titanium
circularity. A report by the Joint Research Centre (JRC) delivers an extensive examination
of the titanium supply chain, its applications, and the geopolitical configuration of the

1 The EU criticality assessment distinguish between titanium (dioxide) and titanium metal. The first is the
precursor to the metal that is however used by 95% for pigment production and is therefore deemed
noncritical (Buesa et al.,, 2025). On the other hand, titanium metal is critical mainly for its higher value
added. In this thesis, titanium will be used as a synonym of titanium metal.
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metal. It further develops two Input-Output Analysis (IOA) scenarios, whose results
substantiate the case for both pre-consumer and end-of-life scrap recycling (Buesa et al.,
2025). Yet, despite its analytical breadth and data granularity, the report does not
adequately represent the underlying stock-flow structure of the system and relies heavily
on unbalanced costume datasets affected by mass inconsistencies (L. Hu et al., 2022).
Complementarily, Hoff et al. (2025) assess the effects of recycling and lifetime extension
strategies on global titanium demand and supply in aviation up to 2040. Their results
indicate that strengthening maintenance, repair, and overhaul (MRO) capabilities
alleviates supply constraints more effectively than recycling alone and operates
synergistically with it. However, the analysis remains confined to the use phase, excluding
material stocks nor evaluating downstream supply chain ramifications, such as
implications for import dependency.

1.2 Research Gap and Objective

The review of EU’s resource policy and the current research on titanium highlights two
interrelated gaps.

First, despite growing attention to titanium as a strategic metal, there is no integrated,
system-wide quantitative assessment of how circular economy strategies affect the
security of titanium supply in the EU. Existing studies offer valuable but partial insights
that do not adequately show the complexity of titanium supply. As a result, the combined
implications of circularity strategies for the diverse security dimensions remain unclear.

Second, a conceptual inconsistency underlies this empirical fragmentation. Key terms
such as criticality, resilience, and risk are defined inconsistently across policy and
academic literature, and existing frameworks oscillate between narrow, indicator-driven
assessments and broader holistic interpretations (Salim et al., 2022; Schrijvers et al,,
2020). A disconnect therefore emerges between discourse? and assessment: while
political narratives oscillate between sustainability and sovereignty, existing analytical
tools often pursue technical evaluations of supply risk or economic value without a clearly
articulated strategic objective. As a result, although CE is increasingly embedded in EU
resource security policy, its concrete contribution to material supply security remains
insufficiently defined and operationalised.

2 The thesis uses "discourse” to denote structured security framings (national, international, human,
ecological) following Petelin (2024). Technically, actors align with discourses through socialization rather
than choosing them. However, the framework operationalizes discourse as an explicit analytical decision:
declaring which normative lens informs the assessment. Though this could alternatively be termed
"framing," "discourse” captures the deeper claim that these are not simple rhetorical choices.
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The objective of this thesis is to establish a consistent analytical basis for assessing
titanium supply security under circular interventions. It proceeds in two steps. First, it
reconstructs the current material flow structure of titanium in the European Union,
identifying key stocks, flows, and external dependencies. Second, it models the impact of
selected circular economy strategies on two measurable dimensions aligned with the EU’s
strategic autonomy agenda: material self-sufficiency and domestic value creation. By
linking these dimensions to explicit quantitative indicators, the study provides a
structured evaluation of how CE can contribute to titanium supply security.
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1.3 Research questions

Based on the identified gaps, the research is founded on the following questions:
Main Research Question

What effect could Circular Economy have on the security of titanium supply in the
European Union?

Sub-Research Questions
1. What is the current material configuration of titanium supply?
2. How might circular interventions in civil aviation affect self-sufficiency in titanium
supply?
3. How might circular interventions in civil aviation affect domestic value creation of
the titanium sector?
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1.4 Thesis contribution and outline

This thesis contributes to Industrial Ecology (IE) by advancing both conceptual clarity
and methodological integration in the analysis of critical material supply security. First, it
develops a framework that systematises the ongoing shift of repositioning CE under a
broader resource security umbrella, which includes but is not limited to ecological
objectives. It builds a bridge between core IE analysis and political-economic
considerations surrounding critical raw materials. Methodologically, the thesis integrates
Multi-Regional Input-Output (MRIO) analysis with dynamic Material Flow Analysis
(MFA), enabling the simultaneous assessment of physical stock-flow dynamics and
economic interdependencies. Applied to titanium, this hybrid approach demonstrates
how circular interventions, such as lifetime extension and recycling, can be evaluated
consistently across both material and economic dimensions.

At the empirical and policy level, the thesis provides the first integrated assessment of the
titanium supply chain in the EU, contributing to the ongoing debate on critical resource
governance and the implementation of the CRM Act. By quantifying structural supply
vulnerabilities, and the potential of circular strategies in enhancing domestic control and
industrial capacity, it offers evidence directly relevant to discussions on Open Strategic
Autonomy and the forthcoming Circular Economy Act in late 2026. In doing so, it
translates high-level policy ambitions into system-wide modelling results, clarifying both
the opportunities and the limits of circularity as a tool for strengthening material security
in the European context.

The research outline is visualised in Figure 1 and described in detail in the following text.
Chapter 2 reviews the technical, conceptual, and methodological foundations of the study
by examining titanium’s life cycle, global and European supply chain; then presents the R
ladder as framework for CE, the current EU policy on CRMs and the shift happening in
resource security, followed by an analysis of the security discourses most used to present
CE strategies and the epistemological gap surrounding resource security assessmens;
finally it reviews the main IE methods and their hybridation, specifically applied to
titanium or the aviation sector.

Chapter 3 develops the Circular Security analytical framework and methods used in the
thesis, linking security discourses to indicators, scenario design and security
implications; then it presents the data and assumptions regarding static and dynamic
MFA alongside MRIO with model implementation of circular interventions in aviation.
Chapter 4 presents the outcome of the indicators and the outstanding results that help

tackle the sub research questions.
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Chapter 5 discusses the implications of these findings for the specific case of titanium in
aviation and then the broader conceptual impact of the Circular security framework.
Finally it discusses the methodological novelty and limits of this thesis.
Chapter 6 concludes by summarising the main contributions of the thesis, answering the
main research question, and identifying directions for future research.

RQ: What effect could CE have on the security of titanium supply in the EU?

l_J

g |

Results

.

sRQ1: What are the
material dynamics of
titanium supply?

. CE Critical Security | CE and resource _
Industrial chology frameworks Studies criticality Titanium
Literature modelling applications
review ap.pro:f\che‘s to lifecycle
titanium in Epistemology of supply chain
aviation resource security
\/ 4
Security
Material discourses Economic
Materials dimension dimension
and methods & )
sMFA model dMFA model MRIO model

interventions affe
titanium demand of
aviation sector?

sRQ2: How could CE

ct
civil

sRQ3: How could CE
interventions affect the
economy of the titanium
sector?

Implications &
limitations
Discussion ( 1 !
Conceptual Methodological Policy
Security framing of CE Hybrid MFA-MRIO Civil aviation in the EU
Figure 1. Research Flow Diagram



Chapter 2

Chapter 2 — Literature review

The previous chapter outlined the shift surrounding resource security in the EU and how
CE has emerged as a potential pathway to reduce supply chain risk and strengthen
industrial autonomy. Titanium emerged as an ideal case: a material that is indispensable
to aviation and defence, increasingly demanded by new designs, yet deeply exposed to
geopolitical and structural supply constraints.

This literature review builds the foundation for any further assessment on the impact of
CE on titanium supply chain security. It traces the conceptual, technological, and
methodological landscape in which this thesis is situated. It begins by examining titanium
itself, its properties, alloy systems, lifecycle and global supply chain, to clarify the
technical and trade constrains from which risks emerge. It then turns to Circular Economy
strategies through the R-Ladder framework. It reviews their conceptual evolution and the
growing argument for framing circular interventions as instruments of security,
particularly in the context of the EU’s critical raw material agenda.

The chapter subsequently introduces the analytical approaches used to study material
systems within Industrial Ecology. Material Flow Analysis (MFA) and Multi-Regional
Input-Output (MRIO) analysis are presented not in their methodological detail but in
their suitability in addressing the RQs. Indeed, MFA provides the material-level visibility
that the aviation sector currently lacks, while MRIO captures the economic
interdependencies that shape vulnerability and exposure. Their complementarities, and
the potential of hybrid approaches, form the methodological backbone of this thesis.
Finally, the state of the art section reviews how the two IE methods have been applied to
titanium and aviation. Its purpose is to understand how earlier studies defined their
system boundaries, material scope, and research logic, and why specific methods were
chosen for those questions. By surveying this work, the section identifies what is already
known, what remains underdeveloped and how this shapes the methodological choices
of the present thesis.

These sections reveal three major gaps, namely conceptual, methodological, and sectoral
policy, that motivate the present research and define its scientific contribution. They also
provide the analytical and empirical foundation for the modelling work developed in
Chapter 3.
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2.1 Titanium Metal overview

2.1.1 Properties, Alloys, and Applications

Titanium (Ti) stands out among metals for its exceptional combination of strength,
lightness, and durability, properties that make it indispensable in advanced engineering.
Its alloys match the strength of steels while being roughly 40% lighter, enabling
substantial weight savings in structural components (Najafizadeh et al., 2024). Titanium
also offers remarkable corrosion resistance, owing to a stable and self-healing oxide layer
that protects it from seawater, chlorine, and many acids. Though its melting and boiling
points are among the highest of all structural metals, above about 500 °C its mechanical
and chemical performance deteriorates sharply due to oxidation in reactive environments
(SCRREENZ2, 2020). Finally, titanium is both biocompatible, bonding naturally with bone
tissue without triggering immune responses, and non-magnetic, making it ideal for

medical and imaging technologies such as MRI (El-Bassyouni et al., 2025).

Titanium’s versatility is further enhanced through alloying with elements such as
aluminium, vanadium, molybdenum, zirconium, nickel, and iron. The most widely used
alloy, Titanium-Aluminium-Vanadium (Ti-6Al-4V), accounts for nearly half of global
titanium consumption each year (Najafizadeh et al, 2024) and for 95% of aviation
demand (Baldassarre, 2025). Besides, its alloying allows engineers to tailor properties
such as strength, fatigue resistance, and corrosion behaviour to specific industrial

requirements.

These unique characteristics have made titanium a cornerstone of both aerospace and
biomedical technologies. In aviation, its high strength-to-weight ratio enables lighter,
more fuel-efficient aircraft, while its fatigue and temperature resistance ensure long
component lifespans in demanding environments (Najafizadeh et al., 2024; Nyamekye et
al,, 2023). Titanium is used extensively in engines, airframes, landing gear, and hydraulic
systems, and its compatibility with carbon-fibre reinforced polymers (CFRP) has
accelerated its substitution for aluminium in modern airframe structures (Lefeuvre et al.,
2017).

Titanium demand is concentrated in four main application areas: civil aviation and space;
industrial equipment, such as robotics, nuclear, chemical, oil and gas; medical and
consumer goods; defence systems including armoured vehicles and military aircraft
(Buesa et al, 2025; SCRREEN2, 2020). Its dual use in both civilian and defence
applications underlines its strategic importance and justifies its inclusion in the critical
mineral lists of various countries.
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In civil aviation, titanium components are classified according to their function and
location, which determines their maintenance regime (SKYbrary, 2015). Life-limited
parts, mainly rotating engine components, are subject to fixed retirement limits based on
flight cycles and must be scrapped once these limits are reached. Rotables, such as
landing-gear assemblies, can be periodically removed, overhauled to an as-new condition,
and reintroduced into service. Structural elements, by contrast, are typically managed on
an on-condition basis and remain with the airframe for most of its operational life unless
damage is detected (AEM, 2025). Current safety regulation prioritises conservative hard-
time limits, particularly for life-limited parts, to minimise fatigue-related failure risks.
While effective for safety assurance, this approach constrains aircraft lifetime extension
and circular strategies. Aviation rules prohibit the reuse of life-expired components
irrespective of their residual material integrity, leading high-value titanium to be routed
directly to scrap melting rather than remanufacturing. This regulatory rigidity constitutes
a major barrier to the development of a more circular aerospace supply chain (KPMG,
2024).

On the resource efficiency side, the picture is equally challenging. Conventional
manufacturing methods such as forging and machining have a buy-to-fly ratio of about
9:1 (Baldassarre, 2025), meaning that nine kilograms of titanium are required to produce
one kilogram of finished parts, with the rest lost as scrap. Additive manufacturing using
titanium powder is increasingly adopted, particularly in space and drone applications, as
it allows near-net-shape production and significantly reduces material waste (Buesa et
al., 2025).

2.1.2 Titanium metal life cycle

Most of the information regarding the supply chain of titanium are drawn by the extensive
study carried out by the European Joint Research Centre - “Titanium metal in the EU:
Strategic relevance and circularity potential” which also represents the groundwork of
this thesis research (Buesa et al., 2025). Figure 2 shows a simplified diagram of the
titanium metal life cycle.

= ==» Recycling
» Downcycling QTZ)
® ‘Scrap Pigment Virgin powder =—————————————— S—. T
‘ Milled titanium

Ore Tio2 Ticl4 N “ Sponge .| Primary Ingot | Semi-finished product Component | Goods
beneficiation Refining o - melting fabrication "| manufacturing

A § A A Y
1

Iimenite
Rutile

|
Mineral e e E . pro
reserves :

Ferro-titanium
production

Figure 2. Life cycle of titanium metal
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The life cycle of titanium metal comprises nine main stages, from extraction to end of life.
Table 8 in Appendix I outlines the material inputs and outputs at each stage, along with
the primary and alternative processing technologies. This detail is essential, as not all
technologies can accommodate scrap feedstock, revealing both technical and financial
barriers to titanium circularity. The following paragraph provides a concise overview of
these stages.

1. Ore beneficiation - The first stage involves the extraction and concentration of
titanium-bearing minerals such as ilmenite (FeTiO3) and rutile (TiO2). They are
defined based by their purity, i.e. titanium dioxide content. [lmenite is the most
abundant mineral but has a purity of 30 to 60%, while rutile is less available but is
naturally concentrate. The main output it titanium dioxide concentrate and slag as
byproduct. The beneficiation process typically includes physical separation
methods such as gravity, magnetic, and electrostatic separation (SCRREENZ,
2020).

2. Refining - In the second stage, TiO, concentrate is refined to produce pigments
and intermediates for metal production. Approximately 95% of TiO, is used in the
manufacture of whitening pigments, while only about 5% enters the titanium
metal value chain (USGS, 2023). The same concentrate can also be chlorinated to
produce titanium tetrachloride (TiCl,), which serves as the precursor for sponge
production (SCRREEN2, 2020). Though they share the feedstock, pigment and
sponge production undergo very different processes for grade of purity of the
input, technology required and know-how of the personnel (Takeda & Okabe,
2019).

3. Processing - The third stage is the Kroll process, in which TiCl, is reduced in a
steel reactor using magnesium to form titanium sponge. The output typically
consists of 80-90% high-grade sponge and 10-20% off-grade material
contaminated with iron, which is then diverted to ferro-titanium production
(Takeda & Okabe, 2019). Alternative technologies that employ molten salts or
plasma reduction yield higher grade sponge that is destined to aerospace
applications.

4. Ferro-titanium production - Off-grade sponge and titanium-rich scrap are
alloyed with iron to produce ferro-titanium, a key additive for steelmaking. This
pathway provides an important outlet for material that cannot meet the purity
requirements of the aerospace or medical sectors, yet it represents a downcycling
route rather than a closed circular loop (Panigrahi et al., 2010).

5. Primary melting - In this stage, titanium sponge, clean scrap, and alloying
elements such as aluminium and vanadium are melted in vacuum furnaces to
produce ingots or converted into powders for additive manufacturing. The scrap

11
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additive ratio is estimated to be around 50% for Ti-6-4 alloy (Takeda & Okabe,
2019). The choice of the furnace is determined by the operational costs, quality of
feedstock, including scrap, and desired grade of titanium ingot.

. Semi-finished fabrication - The ingots are processed into mill products (blooms,
billets, bars, tubes, wires, plates, sheets, and strips) through forging, extrusion, or
rolling (Zhang et al,, 2011).

. Component manufacturing - Mill products are further shaped into finished
components by casting, forming, forging, or machining. This is the costliest stage
of the chain, as titanium’s hardness and low thermal conductivity accelerate tool
wear and slow production. Conventional processes yield a buy-to-fly ratio of about
9:1, generating large amounts of high-grade scrap and swarf (Baldassarre, 2025).
Innovative additive manufacturing techniques, such as power bed fusion allow for
higher yields and can handle up to 100% recovered powder from scrap (IperionX,
2023).

. Scrap processing - Machining scrap and offcuts are collected, cleaned, and
remelted where possible, but quality assurance requirements restrict their use in
high-performance alloys. As shown in Figure 2, machining scrap and offcuts are
collected, cleaned, alloys are sorted and powder is recovered. Subsequently,
depending on the desired grade, the scrap can enter the supply again at any given
stage. Through hydrometallurgy, titanium dioxide can be extracted for pigment
production (Zhang et al,, 2011); FCC Cambridge process allows for high quality
sponge and powder recovery from scrap with lower energy requirements than
Kroll process (D. Hu et al., 2017).

. End of life - After use, titanium can be landfilled, or treated as hazardous waste in

the case of medical applications (SCRREENZ2, 2020). A portion remains stored in
decommissioned aircraft, awaiting dismantling and eventual recycling. However,
the high cost of recovery and lack of specialised infrastructure currently hinders
end-of-life circularity (Hot et al., 2020).

2.1.3 Titanium Supply Chain: Global Overview

Global production of titanium metal reached 165 kilotons in 2019, continuing a decade of

steady growth driven civil aerospace (45%), industrial equipment (40%), defence

applications (9%), and consumer goods. Across nearly all stages of the titanium supply

chain, the EU remains marginal in terms of output volume.

Below, Table 1 shows the market share for each stage of the supply chain of the main

countries involved based on Buesa et al. (2025) and Louvigné (2021). The percentages in

italics refer to the production of aviation grade sponge for processing, or component

manufacturing destined to aviation.
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Table 1. Global distribution of titanium production by region and processing stage in 2019. In italics and red font, the
share of aviation grade processing and manufacturing capability.

Mining Processing Melting Fabrication Manufacturing
EU 4% 0% 3% 4% 18% (25%)
China 36% 63% (12%) 37% 66% 40% (15%)
USA 1% 0% 26% 11% 30% (51%)
Russia 1% 11% (30%) 16% 10% 6% (7,5%)
Japan 0% 16% (41%) 10% 6% 4% (1,5%)
RoW 58% 10% (17%) 8% 3% 2%

As shown in Table 7 in Appendix I, the extraction of titanium-bearing minerals such as
ilmenite and rutile is dominated by China, Mozambique, and South Africa. Within Europe,
only Norway and Ukraine possess proven reserves and maintain active mining

operations, together contributing a negligible share of global output.

At the refining and processing stages, production is concentrated in China, Japan, Russia,
Kazakhstan, and Saudi Arabia. When only aerospace-grade sponge, which requires
exceptional purity and microstructural consistency, is considered, Japan and Russia lead
the market, followed by Kazakhstan and China (USGS, 2019). Saudi Arabia has recently
emerged as a significant new entrant, investing heavily to expand capacity and integrate
further along the value chain (Hughes, 2025a).

For ingots and mill products, no aerospace-specific statistics are available. However, the
global pattern remains largely unchanged. China retains the largest production share,
closely followed by the United States, which continues to move up the value chain through
advanced processing and additive manufacturing capabilities.

At the component manufacturing stage, particularly in aerospace, the United States and
the EU account for roughly three quarters of global output. This dominance reflects the
strength of the industrial ecosystems surrounding Boeing and Airbus, which anchor
extensive supply chains and technological networks. The pattern is mirrored in the
composition of the global aircraft fleet, where Boeing, and its branch McDonnell Douglas,
built around half of all active aircraft, while Airbus accounts for roughly one quarter
(Woidasky et al., 2017).

13



Chapter 2

2.1.4 Titanium Supply Chain in the European Union

From the previous paragraph it is clear that the EU plays a limited role in the global supply
chain of titanium metal. Historically, it focused its investments on R&D and manufacturing
capacity in the high value added stage of component manufacturing.

The EU consumed roughly 29,7 kilotons of titanium metal in 2019, of which civil aviation
received 67%, industrial equipment 29%, Military applications 2% and consumer goods
2% (Buesa et al., 2025).

Despite holding ore reserves estimated at nearly 40,000 kilotons of TiO,, the EU extracts
only a negligible share, entirely directed toward pigment production (SCREEN, 2020;
USGS, 2023). As a result, the EU lacks domestic refining and processing capacity for
titanium metal, relying almost entirely on imports to meet industrial demand. Table 2
summarises the structure of EU titanium metal trade by partner and product stage
showing both import and export shares relative to total traded volumes (UN Comtrade,
2019). This breakdown highlights EU’s dependence on external suppliers, particularly for
intermediate and reprocessed materials. Since the nomenclature adopted by UN
Comtrade and JRC differs from the one presented above, for the purpose of this thesis
unwrought titanium will be considered sponge, while wrought will include ingot, milled
products and components.

Table 2. EU trade in unwrought, wrought, and scrap titanium metal by main partner in 2019 (% of total imports and
exports). Source: UN Comtrade

IMPORTS EXPORTS
UNWROUGHT WROUGHT SCRAP UNWROUGHT WROUGHT SCRAP
USA 34% 37% 50% 20% 20% 60%
JAPAN 24% 16% 20% 0% 1% 1%
Russia 11% 25% 3% 2% 0% 12%
CHINA 6% 18% 1% 1% 7% 0%
RoW 26% 5% 26% 77% 72% 28%

At the primary melting stage, titanium production in the EU is concentrated in a handful
of Member States, Italy, France, and Romania, whose combined annual capacity is
estimated at roughly 10 kilotonnes of ingots (Buesa et al., 2025). In 2019, the majority of
titanium sponge and high-grade scrap used in EU production originated from the United
States, Japan, Kazakhstan, and Ukraine. The ongoing war in Eastern Europe has since
disrupted trade with Russia and Ukraine, shifting import flows toward the United States
and, increasingly, Saudi Arabia. Because the EU does not produce titanium sponge
domestically, all sponge exports from the bloc should be considered re-exports (Rueda-
Cantuche etal., 2022).
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For downstream stages, including ingot conversion, mill product fabrication, and
component manufacturing, available statistics provide limited clarity due to inconsistent
definitions of “wrought” and “unwrought” titanium across datasets. Nonetheless, the JRC
estimates that France accounts for more than half of EU wrought titanium production,
followed by Germany and Italy. Import patterns largely mirror those observed for sponge,
with continued reliance on the same extra-EU partners (Buesa et al., 2025).

As previously discussed, most titanium scrap generated in Europe arises from
manufacturing processes rather than end-of-life collection. Since the 1980s, U.S.
producers have consolidated leadership in titanium reprocessing and midstream
production technologies, supported by long-term buyback agreements with European
manufacturers. Under these arrangements, European firms supply production scrap in
exchange for discounted wrought titanium products. Currently, no comprehensive data
exist on in-use titanium stocks or the volume and location of end-of-life titanium-
containing goods within the EU economy. From interviews with aviation experts, it results
that end-of-life recycling is underexplored, though advances such as turbine
remanufacturing and the emergence of dismantling facilities suggest growing potential
(Baldassarre, 2025).

As introduced in the background section, the study “Circular Economy for Resource
Security in the European Union” by Baldassarre offers an in depth qualitative analysis of
the supply chain, mapping stakeholder roles, interactions, and systemic barriers to
circularity (Baldassarre, 2025). The author, that contributed as well to the other
groundwork study on titanium by the JRC, identifies multiple drivers and barriers across
five domains, namely geopolitical, cultural, economic, regulatory, and technical all
summarised in Appendix I, Figure 16. Baldassarre advances three key recommendations
for EU stakeholders:

1. Foster public-private investments in recycling technologies while revising
restrictive buyback agreements to enable economies of scale;

2. Establish dedicated dismantling facilities for end-of-life aircraft and defence
systems within Europe, increasing the availability of high-grade secondary
titanium;

3. Develop new international partnerships with upstream suppliers to diversify
import sources and enable cross-border circularity loops.

The case of EcoTitanium exemplifies the practical implementation of these

recommendations. Established in 2017 as a joint venture between UKAD, the French
State, and Crédit Agricole, EcoTitanium operates the first European facility producing
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aerospace-grade titanium ingots primarily from recycled scrap. Thanks to the installation
of Plasma Arc Melter (PAM), around 80% of its feedstock originates from machining
residues and offcuts generated by European aircraft manufacturers and subcontractors
that were previously exported to the United States. The recovered titanium is melted into
high-quality alloy ingots and further processed downstream by UKAD and Aubert & Duval
into semi-finished and finished products. EcoTitanium had 30 employees and a melting
capacity of 4 kt/year in 2024. The manufacturer claims that the innovative process,
exemplified in Appendix I - Figure 17, emits four times less CO2 compared to primary
melting route that uses only titanium sponge (Aubert & Duval, 2025).
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2.2 Circular Economy and Raw Material Supply
Security

2.2.1 Circular economy overview

The circular economy is a systems framework that challenges the linear “take-make-
dispose” model by promoting restorative and regenerative practices designed to retain
products, components and materials at their highest value while minimising waste and
pollution (Ellen MacArthur Foundation, 2017). Its guiding principles are to eliminate
waste, circulate materials through strategies such as reuse, repair, remanufacturing and
high-quality recycling, and regenerate natural systems. Although efforts have been made
to formalise a single definition, CE remains highly context- and time-dependent, with
diverse interpretations shaped by local conditions (Upadhayay et al., 2024).

The circular economy paradigm is usually represented through the R-ladder framework
(Figure 3), which effectively communicate its hierarchical set of value-retention

strategies.
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Figure 3. Schematic representation of the R-ladder of Circular Economy strategies
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At the top of the ladder (RO-R2: Refuse, Rethink, Reduce), strategies act upstream by
avoiding or minimising resource extraction and waste generation in the first place. These
“narrowing loops” are translated into the Ecodesign and Sustainable products regulation
reducing virgin material consumption at the design stage (EEA, 2025).

In the middle of the ladder (R3-R7: Reuse, Repair, Refurbish, Remanufacture, Repurpose),
the focus shifts to extending the functional life of products or components, keeping them
in active use and preserving embodied energy, materials and capital value. These
“slowing loops” found a limited application in the broader public policy through the
Extended Producer Responsibility (EPR) and Right to Repair legislations (EEB, 2024).
At the bottom (R8-R9: Recycle, Recover), the strategies intervene late in the product life
cycle, recovering materials or energy from waste. Even though “Closing loops” are
inherently less efficient due to entropic principle, they have been historically the most
studied and promoted strategies of the ladder. For instance, Calisto Friant et al. (2021)
found a dichotomy between the rather holistic EU discourse, and its policies focus on end
of pipe solutions.

As mentioned above, there is no consensus on the definition of CE as it should ultimately
be considered as a set of strategies that can serve different purposes. In the first place, an
ecological economics approach highlights various elements: a critique of infinite growth
that emphasises the preservation of natural capital, planetary boundaries and sufficiency
(Wautelet, 2018). Within this “resource stewardship” perspective, circular strategies are
organised through the R-ladder, a hierarchy that prioritises upstream reduction, reuse
and lifetime extension before recycling, reflecting the aim of retaining value and
minimising virgin extraction. Yet these same strategies can be mobilised toward a totally
different end: resource autonomy. In this alternative framing, increasingly visible in EU
debates on Critical Raw Materials, circular practices are adopted not for environmental
regeneration but to reduce import dependence, secure strategic materials and reinforce
industrial resilience (Moloney, 2025). Recognising both paradigms, stewardship and
autonomy, is essential when approaching the relevant legislation, as they shape how
circularity is interpreted, which strategies are prioritised and what policy objectives they
ultimately serve.

2.2.2 Critical Raw Materials in the EU legislation

It is widely recognised that the origins of the EU lie in the Coal and Steel Community of
1952, created to secure and jointly govern access to essential resources (Bennett, 2022).
This arrangement was shaped not only by economic reasoning but also by the pursuit of
political stability and collective security (Pecchia et al., 2024; Segers, 2023). The logic that
linked resource governance to peace and integration continues to inform European raw
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materials policy today. While the institutional landscape has evolved in response to new
technologies and political shifts, the underlying concern for shared access to strategic
resources remains evident (Glencross, 2024).

Within this context, the concept of criticality has gradually expanded its relevance. Once
largely confined to defence planning and national security, the notion gained broader
significance after early disruptions in the rare earth market, particularly China’s 2011
export restrictions. These events highlighted the extent to which modern economies
depend on a small group of materials that support key industries and everyday
technologies (Schrijvers et al.,, 2020). Across jurisdictions, assessment methods vary, yet
they converge on two core dimensions: the degree to which an economy relies on a given
material, and the probability that its supply could be disrupted within a relevant

timeframe.

In the EU methodology, these dimensions are formalised through two indicators (Blengini
et al, 2017). Economic Importance (EI) reflects how strongly a material underpins the
economy, calculated as the sum of its contribution to major industrial mega sectors:

El = Z(AS X GVA,)
S

where As is the material’s share of inputs to mega sector s, and GVAs is that mega sector’s
Gross Value Added. Supply Risk (SR) captures vulnerability to disruptions, combining
the concentration of primary supply, measured through the Herfindahl-Hirschman Index
(HHI), with political and governance conditions in supplier countries, followed by risk-
reducing factors such as recycling and substitutability:

where HHIwai embeds governance quality, EOLrir is the end-of-life recycling input rate,
and Sl is the substitution index.

While widely adopted, these formulas have been criticised for oversimplifying supply
chain dynamics. Scholars argue for incorporating additional variables, such as trade
barriers, import dependencies, or a more symmetrical role for substitutability, to better
reflect real-world vulnerabilities (Blengini et al., 2017). Most importantly, the existing
framework retains an end-of-pipe bias, reducing the circular economy to end-of-life
recycling and overlooking upstream interventions that could meaningfully alter risk
profiles.
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Concerning the assessment outcomes, regularly updated since its launch in 2011
(European Commission, 2025b), a notable novelty was the introduction of Strategic Raw
Materials (SRMs) subset in 2023. This label adds a political dimension by designating
dual-use elements essential for both civilian technologies, such as renewable energy and
medical equipment, and defence applications. This shift reflects what Vivoda et al. (2025)
named the minerals trilemma: the challenge of balancing national security, economic
feasibility, and environmental and social sustainability. Figure 4 maps all the 70 candidate
materials, of which 34 critical, in the 2023 evaluation within the EU’s criticality matrix
(Grohol & Veeh, 2023).

Building directly on this updated framework, the Critical Raw Materials Act (CRMA)
provides the EU’s legislative mechanism for addressing these risks and securing a
resilient and sustainable access to CRMs. The Act sets explicit 2030 targets, 10%
extraction, 40% processing, and 25% recycling of annual EU demand, while limiting
dependence on any single third country to 65% at each stage of the value chain. To achieve
this, the CRMA accelerates permitting for Strategic Projects, requires major companies to
conduct supply chain stress tests, and fosters international partnerships aimed at
stabilising supply (European Commission, 2020).
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Figure 4. Results of the 2023 EU criticality assessment. In red the 34 critical materials. (Melchionna & Fornasiero, 2025)
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The CRMA is a direct expression of the EU’s broader commitment to OSA. Under this
vision, the EU seeks to maintain openness to global trade while pursuing self-sufficiency
in those strategic sectors structurally dependent on external suppliers. Contrary to
autarky, OSA aims to strengthen the Union’s capacity to act, produce, and secure essential
inputs within its jurisdiction when external conditions become unstable, without
however limiting international cooperations and partnerships (Kroll, 2024). Within this
framework, CE is shifting from being primarily a resource management strategy to a
structural tool for enhancing domestic capacity and reducing exposure to concentrated
external supply.

This new orientation marks a shift from earlier policies. Despite the EU’s long standing
commitment to the CE through various action plans and legislative packages (European
Commission, 2020a), implementation has remained fragmented across Member States.
Circularity is often equalled to recycling, which should in fact be the loop of last resort as
shown in the R-Ladder (Pinyol Alberich et al., 2023). National strategies present relevant
differences in terms of expectations, justifications and priority of intervention (Arbolino
et al., 2024). The lack of a common market for secondary raw materials or harmonised
best practices, has led to a plateau in key performance indicators over the last ten years
(Castillo-Diaz et al., 2024). The current policy landscape reflects a voluntary, bottom-up
model, driven by forward-thinking enterprises and responsive states, rather than a
coordinated top-down strategy (Arbolino et al., 2024).

Expanding upon this diagnosis, Tukker (2025) argues that many circular options that are
technically and economically feasible remain underutilised. The bottleneck lies less in
technology than in insufficient systemic coordination and integration of circular
strategies into industrial and strategic policy. The alignment of the OSA vision and the
CRMA, echoed in the foreword to the proposed Circular Economy Act (European
Commission, 2025a), open a policy window to scale circularity beyond isolated initiatives.
To support this shift, Tukker (2025) stresses the need for forward-looking, economy-wide
foresights revealing industrial interlinks and dynamic MFA studies, enabling the
projection of future demand, stock development, and secondary material availability.

2.2.3 Circular Economy in the Security Studies

Security is central to the survival of political communities and a persistent theme in public
debate. In International Relations (IR), its meaning has shifted repeatedly depending on
two variables: the referent object, who or what is to be secured, and the threat, from
whom or what security is needed (Jackson-Preece, 2011).
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For classical realists, security meant the protection of the state against objective military
or subversive threats. This view, grounded in the logic of game theory, assumed rational,
self-interested actors competing in an anarchic system. They focused merely on national
and international discourses. Constructivist scholars challenged this narrow scope,
treating security as a social construct and extending it to non-military challenges such as
environmental degradation, health crises, and economic instability. The human security
agenda went further by shifting the referent object from the state to the individual. The
Copenhagen School formalised this perspective with its theory of securitisation: by
shifting the referent object in the public debate any issue can be framed as an existential
threat to justify extraordinary measures (Stepka, 2022).

Critical Security Studies (CSS) represents the latest turn in the debate. If security is
socially constructed, then identity, values, and power must be central to its definition.
Competing social interests make security an inherently ethical and therefore political
question, tied to emancipation and justice. CSS encompasses feminist, post-colonial, and
ecological perspectives. Unlike environmental security, which treats nature as a resource
to be protected for human use, ecological security recognises ecosystems themselves as
actors that require safeguarding (Aradau et al., 2014).

Independently of the assumptions behind the designation of an issue as a matter of
security, the logical consequence is its prioritisation over competing concerns on the
political agenda. In a world of limited resources, political actors must weigh time, budget,
and consensus against other pressing demands. As Lidén (2023) argues, risk assessments
embed political and ethical judgements about whose security is prioritised and whose is
deferred, revealing that securitisation is as much about values and identity as it is about
objective threats.

As outlined above, CE in the European context has traditionally been framed as a
sustainable development agenda, implemented through a largely voluntary and
fragmented bottom-up approach. A significant shift is now underway, with circularity
increasingly positioned as a pivotal instrument to advance OSA vision.

The Strategic Foresight Report states that “security has become a key vector for all EU
policies” (Secretariat general, 2025), linking competitiveness, autonomy, and the green
transition within a single geopolitical framework. As argued by Tukker (2025), innovation
in circularity, particularly applied to CRMs, constitutes a concrete pathway through which

the EU can reconcile resource constraints with strategic autonomy objectives.
In academia, to the best of my knowledge the most relevant work on the topic is

represented by Petelin (2024). By adopting a constructivist lense, CE is mapped onto four
security discourses each with a different referent object. National security discourse
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focuses on safeguarding the state from resource dependence and external shocks.
International security addresses vulnerabilities at the regional or global level, linking CE
to fair supply chains and geopolitical stability. Human security emphasizes protecting
communities and individuals, prioritising wellbeing, equity, and resilience. Finally,
ecological security takes the biosphere itself as the object of protection, pursuing
systemic transformation to restore and maintain planetary balance. Under this rationale
CE is no longer reduced to waste management or climate policy, rather it becomes a
strategic lens through which resource flows, industrial practices, and geopolitical
concerns can be aligned. Figure 5 provides a clear diagram of the relation between
security threats and the subsequent responses that the relevant actors, in this case
referred to as Natural Resource Management System, can put forward to achieve resource
security. In the European context, Petelin’s framework would allow policymakers to
recognise its multiple security implications: stabilising critical material supplies
(national), strengthening international cooperation and transparency in supply chains
(international), supporting jobs and livelihoods through new circular models (human),
and addressing long-term planetary limits (ecological).
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Figure 5. Security challenges and policy responses, positioning circular economy as a key strategy for achieving resource
security (Petelin, 2024)

Nonetheless, already Petelin (2025) studying the Nordics’ approach to CE of critical
metals recognised the insurgence of pitfalls that undermine the stated alignment to a
discourse. By prioritising sovereign control over secondary raw materials and restricting
exports, states risk turning CE into a zero-sum competition that weakens global
cooperation, raises costs, and exacerbates inequalities between industrialised and
resource-dependent countries, ultimately preventing real transformation. Patrick
Schroder & Jack Barrie (2024) have named this protectionist practice “Circular Resource
Nationalism”. Early examples of such practice are China’s restrictions on the export of rare
earth processing technologies, British Steel’s proposed limits on scrap metal exports, and
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the adaptation of CE principles within military logistics for selective fortification. Such
trends highlight the need for a balanced approach. One that integrates CE into security
strategies without reproducing the very vulnerabilities and rivalries it aims to overcome.

2.2.4 The Epistemology of Resource Security Assessment

This section of the literature review has shown the extent to which the definition and
conceptualisation of resource security is shaped by underlying worldviews and
objectives. Although a discussion on the epistemology of terms may appear trivial for the
purposes of this research, it directly influences the contextualisation of the answer to the
main research question. Moreover, this section provides the theoretical justification for
the Circular security framework defined in the Methods (Section 3.1).

A key contribution to this discussion is a study by world-leading experts who reviewed
the methods and data used to determine raw material criticality (Schrijvers et al., 2020).
In the introduction, the authors highlight that no generic standard approach exists for
conducting a criticality assessment, succinctly captured in the statement that “criticality
is in the eye of the beholder” Building on the methodological framework of Life Cycle
Assessment (ISO, 2006), they developed an approach that demonstrates how goal and
scope shape the outcomes of criticality assessments. Defining the nature and type of risk
associated with the supply of a material, together with the availability of data, determines
the selection of indicators, their evaluation, and ultimately the interpretation and
communication of results.

The typical criticality matrix identified by the authors contains two quantifiable axes
(Schrijvers et al., 2020): Supply Risk and Vulnerability (or Impact of Supply Restriction).
Supply Risk captures the probability or likelihood of a supply disruption within current
or future supply structures. Indicators central to this dimension, such as the diversity of
producing countries (HHI) and their political stability (WGI), focus on external factors
that could trigger a shock. Vulnerability, by contrast, assesses the impact or consequence
of such a disruption on the system under study (e.g., the economy, in the case of the EU
methodology, or a specific technology). Indicators such as a material’s relative economic
importance and the lack of substitution possibilities directly measure the magnitude of
harm if supply fails. The detailed table of indicators is presented in Appendix II -
Indicators for criticality assessment. Notably, resilience does not function as an
independent dimension but instead operates as a cross-cutting property embedded
within existing indicators. Factors such as recycling rates, the presence of stockpiles, and
substitutability are, in essence, forward-looking measures of a system’s resilience. They
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illustrate the inherent ability of the system to absorb, adapt to, or recover from a supply
shock, thereby acting to reduce the overall assessed Supply Risk or Vulnerability score.

On the other hand, in a review of pathways to achieve supply security for Rare Earth (RE)
elements, a subset of CRMs, the three leading theories of risk, resilience, and criticality
are presented as independent concepts (Salim et al, 2022). The authors observe a
persistent tendency in the literature to concentrate on isolated aspects of the security
challenge, thereby limiting a full understanding of the complex system dynamics of RE
supply chains. Indeed, a risk-theory lens can offer mitigation options only for a static
scenario, while criticality assessments lack an integrated view of interconnected
production chains. The review identifies four pathways to enhance supply security, which
can be generalised to all CRMs: circular economy strategies, although in this paper
reduced solely to recycling; supply chain agility, referring to the ability of a business to
remain responsive and flexible amid unpredictable market changes through both
diversification and substitution; building domestic supplies, achieved through stockpiling
in the short term and through streamlining investment and regulation in domestic mining
and processing in the long term; and pursuing options beyond terrestrial mining, such as
R&D in deep-sea and space mining. In summary, supply security is not merely the absence
of risk, but the systemic capacity to ensure stable, sustainable and resilient access to
materials over time through the interaction of these four pathways.

Both studies converge on the idea that material supply security cannot be captured by a
single metric and requires a multi-dimensional assessment. They agree that supply
disruptions originate from a combination of external pressures, such as geopolitical
instability or production concentration, and internal system characteristics, such as
substitutability or recycling performance. However, they intrinsically differ in the
epistemology of resource security. Schrijvers et al. (2020) adopts a reductionist,
measurement driven definition where supply security is an assessment problem that,
although with limitations, can be represented through a single endpoint value. Resilience
is not a separate object of inquiry but a property embedded within the indicators
themselves. The result is that security becomes what can be systematically measured.
On the other hand, Salim et al. (2022) chooses a holistic definition that has risk, resilience
and criticality as distinct categories, each contributing to the knowledge of resource
security. Rather than collapsing resilience into a single numerical output, this view
conceptualises it as an emergent property of the system that depends on adaptability,
redundancy, and strategic capacity. These differing views highlight the need for a
framework that can reconcile indicator-based rigour with system-level understanding,
providing a more complete foundation for analysing titanium supply security in the
chapters that follow.
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2.3 Core Industrial Ecology approaches

Industrial ecology offers a diverse analytical toolkit for studying resource use,
environmental burdens, and system-wide dynamics (Clift & Druckman, 2015). Although
each core method operates at a different analytical scale, they are united by a common
objective: tracking flows of materials, energy, emissions and value across systems.

At the macro level, Input-Output Analysis (I0A) is a systematic framework for quantifying
the economic flows of goods and services within a defined system, typically a national or
regional economy, over a specific period (Leontief, 1936). It builds on the principles of
interdependence among sectors, tracing how the output of one industry becomes the
input of another and how final demand drives production across the entire economy.
When multiple regions engage in trade, the 10 framework extends to capture
interregional exchanges, forming what is termed Multi-Regional Input-Output (MRIO)
analysis (Nakamura, 2023).

At meso level, Material Flow Analysis (MFA) is a systematic assessment of the flows and
stocks of materials within a system defined in space and time (Brunner & Rechberger,
2016). It builds on concepts from network analysis and life cycle analysis, as it connects
the sources, the pathways, and the intermediate and final sinks of a material. Because of
the law of the conservation of matter, the results of an MFA can be controlled by a simple
material balance comparing all inputs, stocks, and outputs of a process.

Finally, at micro level, Life Cycle Assessment (LCA) is a systematic method for evaluating
the environmental impacts of a product or process across all life-cycle stages, from raw
material extraction to end-of-life (ISO, 2006). It builds on systems analysis by linking
material and energy inputs to emissions and wastes at each stage, forming a coherent
cradle-to-grave representation. Because it applies consistent accounting rules to all unit
processes, LCA ensures comparability across alternatives and allows environmental
burdens to be traced transparently throughout the supply chain.

Despite these differences in scale, scope, and system boundaries, the methods are
conceptually complementary. All three rely on flow-based representations of systems and
share a foundation in conservation principles. This conceptual compatibility has
motivated increasing interest in hybridisation approaches for those areas of research
where data gaps are common and flows traverse both physical and economic domains
(Hagenaars et al., 2025). As illustrated in the next section, in CRM research, an hybrid
framework is particularly valuable for linking material-specific supply chains to the
broader economic structure, improving both resolution and system completeness.
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Appendix III - [E methods in detail provides a comprehensive, step-by-step technical
reference for both MFA and MRIO. Readers unfamiliar with the technical details can
consult the section for reproducibility and implementation clarity while the main text
focuses on conceptual interpretation and empirical findings.

2.3.1 Hybrid MFA-MRIO approaches

Hybrid MFA-MRIO models integrate the material specificity of MFA with the system-wide
economic structure of MRIO. Nakamura et al. (2007) outline two principal pathways for
such integration: full physical input-output tables (PIOTs), which express all
interindustry flows in mass units, and matrix augmentation through the Waste Input-
Output (WIO) approach. While PIOTs offer a conceptually elegant, unit-consistent
representation of material-economic systems, their construction is hindered by limited
physical data. The WIO framework provides a more practical alternative by adding waste-
generation and waste-treatment sectors to the existing IO structure, thereby retaining the
monetary framework while embedding key material pathways alongside it.

A prominent example of matrix-augmentation hybridisation is the study by Tisserant &
Pauliuk (2016), who projected long-term cobalt requirements for electromobility by
coupling a dynamic stock-driven MFA of vehicles and batteries with an environmentally
extended MRIO model. Their approach maps MFA-derived stocks, inflows and outflows
onto concordant 10 sectors and converts these physical trends into demand-side shocks
that the Leontief model can propagate throughout the economy. Hybridisation is achieved
by isolating cobalt mining and refining as a dedicated sector within the 10 system:
splitting the “Other non-ferrous metals” category in the supply-use tables and
reallocating flows based on production statistics and process yields. The resulting sector
is populated with MFA-based process coefficients, replacing generic 10 entries and
creating a physically consistent cobalt supply chain embedded within the MRIO structure.
Scenario analysis, built on variations in GDP growth and mining risk, demonstrates that
even a simplified hybrid model can quantify how upstream disruptions cascade across
the broader economy:.

More recent work illustrates the flexibility of hybridisation for analysing critical materials
and circularity transitions. Della Bella et al. (2023) combine dynamic MFA with MRIO
trade structures to create a multi-regional waste 10 framework that estimates future
demand, secondary-material availability and systemic bottlenecks under low-carbon
pathways. Similarly, Meglin et al. (2022) develop an integrated assessment model that
embeds physical 10 representations of regional construction flows, enabling joint
evaluation of material cycles, economic outcomes and environmental impacts. Despite
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their advances, these studies underline enduring challenges which include the
inadequate representation of industrial reality by static technical coefficients,
uncertainties in sectoral disaggregation especially with CRM and limited representation
of circularity in terms of quality degradation over use cycles and secondary-material
technical constraints.

2.4 Industrial Ecology studies on titanium in aviation

Despite the economic weight of aviation and the risks of material bottlenecks illustrated
in the background, as also noted by Baldassarre (2025), to date no study has applied
hybrid Industrial Ecology methods as presented before on CRMs in aviation.
Nevertheless, the reviewed literature has produced a constellation of studies that

naturally outlines the boundaries of the research gap.

The most comprehensive contribution is by Hoff et al. (2025) who analysed how circular
strategies affect titanium demand and supply in aviation globally. Drawing on data from
over 55,000 aircraft, the study shows that end-of-life recycling offsets less than 5% of
titanium inflows due to long service lives, while engine upgrades offer only limited
reductions as newer models remain titanium-intensive. Extending aircraft lifetimes
emerges as the most effective strategy, lowering annual demand by up to 10%, with
greater effects when combined with recycling. Unlike previous studies, this work captures
the sector’s inflow-outflow dynamics at fleet scale, yet it omits stock evolution and
upstream supply-chain interactions that a full MFA approach would reveal.

The following two subsections review the most relevant literature focusing specifically on
aviation and on titanium. Although these studies do not yield results directly comparable
to those of this thesis, owing to differences in system boundaries, methodological scope,
and underlying assumptions, they provide valuable methodological insights. By
examining how previous researchers have approached similar research questions, this
literature helps contextualise the present work and informs several of the methodological
choices adopted in this thesis.

2.4.1 Aviation sector applications

Regarding applications of Industrial Ecology methods to aviation, one of the most
comprehensive studies is by Lefeuvre et al. (2017), who used a dynamic MFA to assess
global in-use stocks of carbon fibre reinforced polymers (CFRP) and related waste flows
between 2016 and 2050. Using a bottom-up approach, they estimated the number of civil
aircraft currently in use, retired, and produced in the future, linking each aircraft model
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to its specific CFRP content. Although the study validated its stock estimation methods
through cross-comparison, it arguably oversimplifies fleet evolution and composition,
focusing mainly on end-of-life waste management while neglecting upstream and
midstream circular strategies.

Complementary insights are provided by Woidasky et al. (2017), who estimated the
global aircraft fleet and its material composition to evaluate potential recycling stock.
They offered detailed breakdowns by aircraft model, engine type, manufacturer, and
region, concluding that metal alloys are well positioned for recovery due to their high
intrinsic value, while CFRP recycling remains a longer-term challenge. However, the
study’s methodological rigor is limited, with poor data transparency and circular
references undermining the robustness of its findings.

2.4.2 Titanium industry applications

In contrast to aviation, existing MFA and MRIO research on titanium focuses
predominantly on national case studies, particularly China. The country occupies a
central position in the upper and midstream stages of the global titanium value chain. It
is therefore unsurprising that most dynamic MFA studies on titanium concentrate on the
Chinese context. Notably, authors share the same stated objective of directioning Chinese
policy effort toward a sustainable development of the industry rather than supply
security or resilience reasons. However, they differ in scope along the value chain,
examining titanium dioxide (X. Li et al., 2020), titanium sponge (X. Hu et al., 2022), and
aggregated titanium products (M. Li et al., 2022). While section 3.3.2 will detail the stages
of titanium'’s life cycle, the focus here lies on their methodological contributions. Some of
the remarkable advances are the combination of spatiotemporal analysis and Shared
Socioeconomic Pathways (SSPs), extending beyond historical snapshots to provide
forward-looking insights and regional policy guidance. Yet, significant limitations persist
data on end-of-life scrap recovery remain highly uncertain, and scenario assumptions are
often simplistic, overlooking process-level efficiencies and economic feedback. Regarding
indicators, authors adopted import dependence, primary production loss and recycling
rate, without though formalising them to compare scenarios.

In the context of Japan, Takeda & Okabe (2019) conducted a comprehensive review of
titanium recycling technologies and processes, complemented by a simplified national
MFA for 2007. Their study traced transformation losses, additive inputs, and scrap
generation across the production chain, offering one of the first schematic overviews of
titanium circulation in an industrialized economy. Interestingly, they were also the first to
characterise aircraft models by material composition, revealing the near-complete
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replacement of aluminium with titanium alloys and composites since the 1990s. The
authors concluded that a substantial reduction in production costs would likely trigger a
sharp rise in titanium demand and, consequently, scrap generation; making the
development of advanced recycling technologies for impurity removal increasingly
critical.

Lastly coming to the United States, Lamin (2024) introduced an innovative methodology
to analyse the global, company-level titanium supply chain for the aerospace and defence
sectors. The study integrates network analysis with flow modelling through a Network
Interdiction Model. This framework enables the simulation of worst-case disruption
scenarios, assessing how geopolitical shocks or targeted attacks on specific firms or trade
routes could impair supply continuity. The analysis revealed a structurally fragile
network, particularly vulnerable to disruptions in sponge production, and underscored
the strategic importance of geographic diversification and domestic capacity restoration.

A structured attempt to model titanium metal stock and flow dynamic within the EU is
yet to be developed. The most comprehensive effort to date is by the JRC, whose report
“Titanium metal in the EU: Strategic relevance and circularity potential” represents the
only instance of MRIO-based analysis in this field (Buesa et al., 2025). Using the FIGARO
database, the authors evaluated two circular economy scenarios: (1) reducing EU-US
buyback agreements to increase domestic scrap reprocessing, and (2) improving the
collection of end-of-life aeronautical scrap suitable for remelting. To model these, they
first simulated the negative effects of cutting trade with non-EU partners through the
Hypothetical Extraction Method (HEM), and then applied bi-proportional adjustment
methods to re-balance global supply, demand, and trade under expanded EU production
capacity

The first scenario yielded about €20 million in value added, 380 new jobs, and a reduction
of 16.4 kilotonnes of CO,-equivalent emissions. While the second produced negligible
impacts. The authors noted several methodological limitations:

1. Total titanium scrap flows derived from customs-level data do not perfectly align
with macroeconomic statistics. This discrepancy likely arises from re-exports,
mixed shipments containing multiple goods and limited geographical coverage of
the micro-level dataset;

2. the disaggregation was done by hybridising FIGARO with EXIOBASE database
which have different structures and aggregation assumptions, yielding noticeable
deviations;

3. recycling activities are possibly misclassified in national accounts, and aggregated
activities that are not always applicable to metal reprocessing.
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A further, implicit limitation lies in the aggregation of all titanium types into a single
product category. Given the exceptionally high value added and purity requirements of
aerospace-grade titanium, which is traded between 5 to 10 times the price of ordinary
consumer titanium (Lee, 2025), this simplification likely underestimates the true
potential of advanced end-of-life recycling in strategic sectors. Finally, an issue that is
found throughout the report is the overreliance on unbalanced costume datasets which
are notoriously affected by mass inconsistencies (L. Hu et al., 2022)
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Chapter 3 — Methods and Data

The chapter is divided into four parts. Section 3.1 introduces the Circular security
Framework, which serves as the conceptual and operational link between the theoretical
debates of Chapter 2 and the empirical analysis that follows. It clarifies how different
interpretations of security are translated into measurable indicators and circular
strategies, ensuring internal coherence in the assessment. Sections 3.2 to 3.4 then present
the industrial ecology methods used to quantify titanium flows and their economic
interdependencies: static Material Flow Analysis (MFA), dynamic MFA, and Multi-
Regional Input-Output (MRIO) analysis.

Static MFA offers mass-balance transparency and integrates heterogeneous datasets into
a consistent representation of the EU titanium system in 2019. Because of its
straightforward implementation, it is treated briefly. Dynamic MFA and MRIO required
more extensive data processing, restructuring, and scenario design, and therefore receive
fuller elaboration. Two pairs of scenarios were developed to examine the effects of
circular interventions: lifetime extension and enhanced recycling in the dMFA for the civil
aviation sector, and parallel lifetime-extension and recycling scenarios in the MRIO for the
whole economy. Given their distinct system boundaries and analytical purposes,
scenarios are presented within each methodological section rather than consolidated in

a standalone chapter.

System boundaries were defined as follows. Spatially, the EU27 is treated as a single
region interacting with four external macro-regions: the United States, China, Russia, and
the Rest of the World. Temporally, the static MFA and MRIO reference 2019, while the
dynamic MFA spans 1970-2040, with scenarios evaluated for 2040. Sectorally, the
analysis includes all titanium production and transformation stages described in Section
2.1. Materially, the study considers titanium metal only, in line with the Critical Raw
Materials Act, excluding titanium dioxide pigments. Functionally, all results are expressed
per kilotonne of titanium metal in final use to enable consistent comparison across
methods and scenarios.

All datasets were sourced from publicly available databases and peer-reviewed studies.
Detailed sources are documented in the supplementary material on Zenodo, and all
Python scripts used to implement the models are openly available on GitHub to ensure

full transparency and reproducibility.
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3.1 “Circular security” framework

The main research question of this thesis presents an inherent challenge because the
concepts it engages with do not possess stable or universally agreed definitions. As shown
in Section 2.2, neither “circular economy” nor “supply security” is a fixed analytical
category. Security is articulated through competing discourses, each privileging different
referent objects, threat perceptions, and policy priorities, while the circular economy
spans interpretations ranging from resource stewardship to strategic autonomy. This
plurality has direct epistemological implications: what counts as “secure” depends on
how security is framed.

The literature reveals two contrasting approaches to operationalising resource security.
A reductionist approach compresses security into composite quantitative indicators,
producing clear endpoint scores that facilitate benchmarking and comparison. A more
holistic approach resists such aggregation and instead treats security as a
multidimensional condition shaped by structural dependencies, governance
arrangements, and system dynamics. While the former enhances comparability and
policy communication, it risks obscuring how circular interventions reshape underlying
dependencies. The latter preserves analytical nuance but can limit quantitative
tractability and operational clarity.

Titanium is a useful case study because it reflects the range of considerations currently
present in EU resource policy, including industrial competitiveness, environmental
objectives, and defence concerns. At the same time, existing material flow and economic
analyses of titanium are often conducted independently of explicit policy framing, which
makes it difficult to translate technical findings into concrete decision-making guidance.
The way security is defined shapes which risks are examined, which indicators are
selected, and which circular interventions are modelled.

In order to navigate this ambiguity, the present thesis develops an explicit analytical
framework that links debates on resource security to categorisation of circular strategies
and subsequent translation into interventions. This structure ensures coherence
throughout the analysis and enables a more robust assessment of titanium supply in the
chapters that follow. Below are the five stages of the framework.

Stage 1: Security discourse selection

The framework begins by identifying the security discourse that frames the analysis. This
first step anchors the assessment within a clear normative position, recognising that
different policy actors define security in different ways. National security discourses view
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circular strategies as instruments of resource autonomy and defence; international
security discourses align CE with geopolitical stability; human security discourses
emphasise just transitions; and ecological security discourses foreground stewardship of
natural capital. Making this choice explicit enables transparent comparison across
scenarios rather than assuming a single, universal understanding of security.

Stage 2: Indicator Selection and dashboard presentation

Once a discourse is selected, indicators are drawn systematically from the criticality,
resilience and risk literature. These can encompass various dimensions, for instance
material, economic, social or environmental. Aligning indicators with the discourse
ensures that the assessment remains internally consistent rather than applying a uniform
indicator set across fundamentally different security objectives. Some examples of
indicators and their framing in each supply chain security theory are available in Table 9
- Appendix II.

Instead of collapsing indicators into a single composite score, the framework adopts a
midpoint dashboard format inspired by LCA standard. This approach retains the
multidimensional character of security and makes explicit how circular strategies shape
different facets of the system. The dashboard enhances transparency by clarifying which
dimensions improve or deteriorate under each scenario. It reveals trade-offs that would
be obscured by an aggregated index.

Stage 3: Circular Strategy Selection

Once discourse-specific indicators are established, this stage identifies which circular
economy strategies are most aligned with the chosen security discourse. Using
established CE frameworks (e.g., the R-ladder presented in Section 2.2.1), strategies are
evaluated for their compatibility with discourse priorities. Some examples can be:
national security emphasises domestic recycling infrastructure and retention of material
ownership; international security favours cross-border recycling networks and
diversified secondary suppliers; human security foregrounds fair labour conditions and
community-based recovery systems; ecological security prioritises dematerialisation,
design optimisation and high-value material cycles.

Stage 4: Circular Intervention Modelling

The fourth stage translates abstract circular strategies into concrete, context-specific
interventions for the titanium supply chain. Using methods such as the IE ones, discourse-
aligned strategies are operationalized as quantifiable scenarios. For example, a "domestic
recycling infrastructure” strategy (national security discourse) becomes a modelled
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intervention specifying collection rates, processing capacity, and secondary titanium
output within EU borders.

Baseline and intervention scenarios are then compared across the dashboard indicators
established in Stage 2. This stage directly answers the research question in its discourse-
specific form: What effect could [discourse-aligned CE strategies] have on [discourse-
specific security indicators] for [material] supply? Each discourse yields different
intervention priorities, which are evaluated against different indicator sets, producing a
systematic yet pluralistic answer to how CE affects titanium supply security.

Stage 5: Security implications

The results are read through the security lens chosen at the outset. Changes in indicators
are translated into concrete security implications according to the priorities defined in
Stage 1. This final step ensures that a numerical improvement in one indicator is not
automatically treated as a security gain, it must first be assessed against what the chosen
framing actually values.

3.1.1 Framework implementation

This section explains the choices made while applying the framework in this thesis, and
it is depicted in

Figure 6.

Stage 1, National security discourse is chosen in line with the Open Strategic Autonomy
vision and the latest EU resource security policies; the supply of titanium is the referent
object to be secured. 3

Stage 2, two dimensions are chosen to align with the resource autonomy goal:
e The material dimension reflects the physical structure of the supply system.
Based on JRC indicators used in its Material System Analysis (Oko-Institut e.V.,
2020):
o Self-sufficiency, defined as the share of Share of intermediate flows
between stages that are domestically produced. It is effectively the inverse
of import dependency, but better highlights the domestic capacity framing;

3 While the European Union is a supranational entity and not a traditional nation-state, the ‘National
Security’ discourse is applied here to the Union as a whole. This methodological choice reflects the EU’s
delegated competence to enact systemic industrial and trade policies. Because the titanium supply chain is
a cross-border industrial system, addressing vulnerabilities at the level of individual Member States would
be analytically insufficient.
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o Recycling input rate, measuring the share of secondary metal in total
production input (adding the various manufacturing stages);

o CRMA targets, share of final material demand covered by domestic
processing or recycling across the supply chain (Grohol & Veeh, 2023). The
indicator relates domestic output to total EU demand, distinguishing it
from self-sufficiency measures based on the specific manufacturing stages.

e The economic dimension captures the capacity of the titanium sector to sustain
industrial and social stability, and in turns national security. It includes

o Value added generated by the titanium supply chain, measured in million
euros per year;

o Employment it supports across interlinked sectors, measured in thousands
people.

The indicators are linked to the methods chosen for the analysis. MFA will represent the
material dimension, while MRIO will take the economic one.

Stage 3, the circular strategies chosen are enhanced domestic recycling and aircraft
lifetime extension. The former because of its centrality in EU policies about autonomy and
the potential to lower imports along the titanium supply chain, while the latter for the
particular importance it has in the civil aviation sector (Hoff et al,, 2025). Under the
national-security framing adopted in this study, the hierarchical ordering of loops in the
R-ladder is not a guiding principle, since avoiding material use does not necessarily confer
greater security benefits than end-of-life recovery. Instead, circular strategies are judged
by their ability to strengthen domestic control over material flows.

Stage 4 concerns the translation of these strategies into quantitative scenario design. The
concrete interventions implemented in the models are detailed in section 3.3 for the MFA
and section 3.4 for the MRIO, where they are operationalised through specific
assumptions, system boundaries and parameter choices that determine the results.

Stage 5, Under the national security lens adopted in this thesis, supply security is
understood as strategic autonomy. The selected indicators are therefore interpreted
according to their effect on external exposure and domestic industrial capacity.

Material indicators capture the structural dependence of on external titanium supply.

Increases in these indicators are interpreted as reductions in import reliance and thus as
strengthening strategic autonomy.
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Economic indicators capture the strength of the domestic production base sustaining
titanium supply. Increases in these indicators are interpreted as reinforcing industrial
capacity within the EU and therefore enhancing supply security.
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3.2 Static Material Flow Analysis

The static MFA was developed to integrate the known life cycle of titanium metal with the
structure of the European supply chain in 2019. It began as an accounting framework that
consolidated all available raw data into a single model. Through mass balancing and a set
of documented assumptions, the complete European titanium supply chain for 2019 was
reconstructed. This static representation was then linked to the dynamic MFA by applying
transfer coefficients that map aircraft-related inflows, stocks and outflows onto the
economy-wide titanium system. Under the assumption that the sectoral pathways of
titanium in aviation follow the same transformation chain as the overall economy, this
coupling enabled subsequent scenario analysis.

3.2.1 Data

The data for this section come directly from the literature review section 2.1. In particular,
it yields on the findings of Buesa et al. (2025) as well as raw figures from UN Comtrade
and Eurostat Prodcom.

3.3 Dynamic Material Flow Analysis

The dynamic MFA was applied in this study to quantify the titanium metal embedded in
the fleet of aircraft operating within the EU between 2000 and 2040. This exercise
provides a bottom-up validation of the titanium inflows to civil aerospace estimated by
the static MFA and directly contributes to answering Research Question 3. The modelling
approach draws on the framework of Fishman & Graedel (2019), who applied it to analyse

neodymium flows in wind turbine systems.

As discussed in Appendix III - IE methods in detail, a stock-driven dMFA begins from
observed or projected in-use stocks and uses a survival function to estimate the
corresponding inflows and outflows over time. The basic relationship between stock and
flow is expressed as:

t—1

inflowpigne (t) = stockpyigne(t) — Z [inflowpigne (T) X Survival(t — 1)]

T=t0

The model uses essentially four exogenous set of variables, for creating the yearly
distribution of the survival vintages and the correspondent inflows and outflows:
1. Fleet of planes - number of planes registered in the EU between 2000 and 2023
(Eurostat, 2024)
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2. Fleet by class - breakdown of the fleet in five classes: Passenger (1-50 seats; 51 -
150; 151 - 250; 250+) and Cargo (max weight 1e6 lbs; max 1e6 + lbs) (Eurostat,
2024)

3. Weight by class - For each class a representative model is chosen and its
manufacturer’s empty weight (MEW) applied to the whole fleet (Aadharsh
Viswanath, 2024)

4. Titanium by vintage - based on historical data showing an increase in titanium
share per aircraft generation (Buesa et al., 2023; Nyamekye et al,, 2023). Each new
model year is assumed to have a uniform titanium intensity, and this trend is
extrapolated to 2040.

3.3.1 Data

The number of aircraft registered in the EU between 2000 and 2023, core input data of
this model, was obtained from Eurostat (Eurostat, 2024). The years 2020-2022 show an
anomalous dip in the number of aircraft, followed by a sharp rebound in 2023. These
fluctuations, drawn directly from Eurostat, reflect the exceptional conditions of the
COVID-19 pandemic, during which airlines temporarily grounded or stored aircraft to cut
operating costs. Since most of these aircraft were not permanently decommissioned, it
was assumed that no significant retirements occurred. Therefore, a regression was
applied between the 2019 and 2023 observed values to smooth the anomaly and ensure
continuity in the fleet trend. Additional information is available in Appendix IV - MFA
model implementation.
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Figure 7. Retirement curves employed in the DLR flagship model (Baier et al,, 2024)
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As in Figure 7, aircraft lifetimes follow a normal distribution with a mean of 25 years and
a standard deviation of 10 (Baier et al., 2024) To ensure a realistic evolution of the in-use
stock, the model backcasts the fleet to 1970, assuming an initial near-zero number of
aircraft, and projects it forward to 2040, targeting approximately 7000 aircraft in
operation. Within the European Civil Aviation Conference (ECAC) area, encompassing 44
countries, air traffic is projected to grow by 1.9% annually until 2040. For this study, it is
assumed that such growth translates into a more moderate 0.5% yearly increase in the
EU aircraft fleet (Eurocontrol, 2021). At present, the EU accounts for approximately 15%
of the global fleet (Cirium, 2025). Maintaining this share constant and considering
forecasts of a global fleet reaching 45,000 aircraft by 2040, the EU would represent
between 6,750 and 7000 aircraft by that year (Airbus, 2025).

The resulting dataset provides yearly values for inflows, outflows, and net additions to
stock (NAS) over the 70-year period. The stock is further divided into vintages that
gradually deplete over time, each characterised by class and converted from aircraft mass
to titanium mass using class-specific material intensities. This allows the estimation of
titanium embedded in the EU fleet over time.

Regarding titanium intensity, as shown by Hoff et al. (2025), it varies significantly over
time as a result of technological and design evolution. The share of titanium in total
aircraft weight has increased from nearly zero in the 1970s to around 12% in the most
recent models. Table 3 summarises the assumed titanium content by aircraft class and
decade, showing a consistent upward trend in titanium use projected to continue through
2040. This progression reflects the growing reliance on titanium alloys in modern
airframes and engines, driven by the shift toward composite materials and the pursuit of
higher fuel efficiency.

Table 3. Evolution of titanium content by aircraft class, 1970-2040.

1970- 1981- 1991- 2001- 2011- 2021- 2031-
1980 1990 2000 2010 2020 2030 2040

0.00 0.00 0.00 0.03 0.03 0.05 0.05

Aircraft class

P-aircraft (1-50

seats)
P-aircraft (51- 0.0535-
150 seats) 0.0275 0.036  0.0535 0.08 0.08 0.10 012

Paircraft (151~ 1275 0036 00535 008 013 015 017

250 seats)
P-aircraft (250+ 1,7 0365 00535 008 013 015  0.17
seats)
0.0535- 0.10-
Cargo(<le6lbs) 00275 0036 00535 o> 008 L0 012
Cargo (>1e61bs) 0.0275 0036 00535 008  0.13 061135_ 0.17

41



Chapter 3

Uncertainty remains regarding two key assumptions: first, all newly registered aircraft
are assumed to be produced within the EU, implying all inflows of titanium are of EU
origin; and second, MRO operations are simply translated in elongation of the mean
lifetime, but in fact they would introduce secondary inflows and outflows of titanium
prior to end-of-life.

3.3.1 Lifetime extension scenario

The survival curve governs the flow dynamics in the model. In the baseline scenario, an
average aircraft lifetime of 25 years with a standard deviation of 10 years is assumed. The
lifetime extension (LTE) scenario explores the effect of enhanced MRO operations that
prolong service life. Here, the mean lifetime increases to 30 years and the standard
deviation to 12.5, reflecting greater variability in aircraft longevity due to differences in
maintenance quality. This modification shifts the survival function, reducing outflows and
delaying the demand for replacement aircraft, thereby altering the temporal profile of
titanium inflows and embedded stock within the EU fleet. Any lifetime extension strategy,
be it MRO, takes time to yield considerable results at scale. Therefore, the LTE scenarios
were set to forecast the inflow-outflow dynamics till 2060 instead of baseline 2040. Table
4 shows the parameters chosen in the four scenarios. The stock goal is set at 8000 as to
approximate a trend continuing the one identified in section 3.3.1.

Table 4. Lifetime Extension scenario modelling parameters

Stock goal Mean (year) Deviation (years) Mean Deviation

Baseline 2060 8.000 2040 10 25 12,5
LTE 2060 8.000 2040 10 30 15

3.3.2 Recycling scenario

The recycling scenario explores how much titanium Europe could recover domestically if
current trade practices were partially altered while technological limits remained
unchanged. The scenario keeps buyback agreements with the United States intact,
meaning that the portion of pre-consumer scrap contractually tied to US remelters
continues to be exported. However, the remaining 40% of pre-consumer scrap, currently
traded on open markets, is assumed to be retained within the EU and directed to domestic
reprocessing rather than export.

Two sets of technical constraints determine how this domestically retained scrap
translates into effective secondary production. First, aerospace-grade metallurgy
restricts the amount of recycled scrap that can be blended into primary melting. Due to
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oxygen and iron specifications in titanium alloys, the practical scrap additive ratio is taken
as 55%, which reflects the maximum share of secondary inputs that can be introduced
without compromising alloy quality (Takeda & Okabe, 2019). This parameter does not act
as a cap on total recycling, but simply defines the proportion of recovered scrap that can
re-enter the aviation-grade production loop.

Second, end-of-life recovery efficiencies determine how much titanium can be recovered
from the aircraft fleet. Based on dismantling studies such as Airbus’ PAMELA project, 90%
of the titanium collected at end-of-life is assumed to be directed to recycling (Scheelhaase
et al., 2022), and sorting yields an 80% conversion into aviation-grade feedstock, while
the rest is downcycled (Airbus, 2022). Together, these parameters define the technical
recovery potential from post-consumer flows.

By combining these structural and technical elements, the scenario derives the effective
recovery rate used in the MFA model. The retained pre-consumer scrap flow represents
the main source of secondary titanium, adjusted by the 55% blending ratio, while post-
consumer material contributes an additional stream scaled by the 0.9 collection rate and
0.8 remelting yield.

3.4 Multi-Regional Input Output Analysis

Section 2.3.1 presented the state of the art of hybridisation of Input Output analysis.
Matrix augmentation results to be the most suitable approach for addressing the research
questions of this thesis research. Indeed, the main limitation to the use of pure MRIO was
the aggregation of nearly all critical raw materials under the broad category “Other non-
ferrous metals,” within the Exiobase database (see section 3.3.1). As a result, the specific
industrial structure and economic value of titanium remain untraceable within the
standard dataset. Following the steps outlined by Tisserant & Pauliuk (2016), the new
sector “Manufacturing of Titanium and Articles Thereof” was incorporated into the MRIO
framework following the detailed procedure and assumptions described in Appendix V -
MRIO model implementation.

Concerning circularity scenarios, the methodology builds on Donati et al. (2020). In their
framework, the overarching objective of achieving a Circular Economy (CE) is articulated
through four strategies: Product Lifetime Extension, Closing Supply Chains, Resource
Efficiency, and Residual Waste Management. Each strategy can be operationalised
through case-specific interventions that are, in turn, translated into modifications of the
Input-Output Table (IOT). Depending on the strategies these modifications are
implemented either on the final demand vector (Y) or the technical coefficients matrix
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(A). As discussed, the A matrix describes the production “recipe” of each sector, tracing
its upstream suppliers by column and downstream customers by row, while the final
demand vector (Y) represents the consumption of outputs by households, government,
and capital investment. In particular, Gross Fixed Capital Formation (GFCF), capturing
sectoral investment, serves as the only proxy for stock within the static 10 framework.

The analytical foundation relies on the fixed-price Leontief model, where total output
required to satisfy final demand is given by:

X=L1y

Where X is the vector of total outputs and L = (I — A) ! is the Leontief inverse, capturing
all direct and indirect effects of changes in demand or production structure.

Once circularity interventions are implemented in the IOT, the difference of total output
represents the change between the baseline (X) and counterfactual (X") scenarios

AX=X"-X

This change is then propagated through the satellite accounts S, allowing the estimation
of variations in Value Added (in million €) and Employment (in thousand people) across

sectors and regions.

Finally, since the model is multiregional, each entry in A, Y, and X refers not only to an
economic sector or demand category but also to its corresponding region (e.g., EU, USA,
China, Russia, or Rest of the World), enabling an integrated analysis of both domestic
interlinkages and international trade dependencies.

3.4.1 Data

EXIOBASE 3 provides the monetary input-output table covering 163 industries across 44
countries (the EU27 plus 17 major economies) and five aggregated rest-of-the-world
regions, with satellite accounts for emissions, materials, resources, and employment. All
matrix manipulations were performed using the Multifunctional Assessment of Regions
through Input-Output (MARIO v0.3.1) Python package. More specific assumptions and
data are available in Appendix IV - Model implementation and in the supplementary Excel
“Supplementary MRIO” in Zenodo.

3.4.2 Lifetime extension scenario

The product lifetime extension scenario aims to simulate how extending aircraft lifetimes
reduces the need for new production while increasing maintenance and repair activities
throughout the use phase.
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Three sectors are directly affected:
e Manufacturing of Other Transport Equipment (MOT), representing aircraft
manufacturing and component production;
e Air Transport (AT), corresponding to the operational use phase;
e Supporting and Auxiliary Transport Activities (MRO), which capture maintenance,
repair, and overhaul operations during service life.

Based on the results of the dynamic MFA, the inflow of aircraft required by the civil
aviation sector decreases by approximately 20% under a lifetime extension scenario.
Assuming a direct relationship between aircraft demand and expenditure, the input
coefficient from non-EU - MOT to EU - AT is therefore reduced by 20%. To maintain the
balance of the table, the coefficient representing EU - MRO activities is proportionally

increased within the same column, reflecting higher demand for maintenance services.

At the level of Gross Fixed Capital Formation (GFCF), the following adjustments are
applied:
1. a 5% decrease in GFCF for non-EU MOT, to reflect reduced European demand for
imported aircraft;
2. a 5% decrease in GFCF for EU Air Transport, as fewer aircraft entering service
require fewer operational investments;
3. anegligible decrease (0.007%) in GFCF for EU MOT, accounting for slightly lower
domestic aircraft production;
4. an 8% increase in GFCF for EU MRO services, corresponding to the reinvestment
of savings from avoided aircraft purchases into repair infrastructure and spare
parts inventories.

This increase in MRO investment is justified by the need to expand maintenance capacity
and replace components over longer service lives. [t reflects a shift from capital-intensive
aircraft production toward service-intensive maintenance activities, embodying the
circular principle of value retention through extended product use.

3.4.3 Recycling scenario

The recycling scenario aims to simulate how the EoL recycling of titanium-containing
aircraft components can reduce the EU’s dependence on imports of primary titanium
from third countries. Building on the outcomes of the dynamic MFA, the scenario assumes
that approximately 15% of the total input to the European titanium manufacturing sector
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is replaced by reprocessed waste sourced domestically, rather than by imported

materials.

Five sectors are directly affected by this change:

Manufacturing of Other Transport Equipment (MOT) - representing aircraft
manufacturing and component production;

Air Transport (AT) - corresponding to the operational use phase of aircraft;
Manufacturing of Titanium and Articles Thereof (Ti) — the newly added titanium
industry;

Other Non-Ferrous Metal Production (ONF) - representing upstream non-ferrous
metal producers;

Reprocessing of Other Non-Ferrous Metal (RM) - representing the recycling
industry.

The implementation of the scenario follows a structured series of steps within the Input-

Output framework:

1. A new domestic input coefficient is introduced for EU RM — EU Tij, set to 16%,

representing the share of titanium input now derived from reprocessed and
recycled scrap. The percentage derives from the MFA related to civil aviation
where it was 26% but in this context the system boundaries comprise all sectors
therefore the coefficient has to be scaled. The existing input shares from electricity,
ONF, and value added are maintained at their baseline levels to preserve
production functionality.

To maintain the column-sum constraint () inputs = 1), all other intermediate input
coefficients from non-EU sectors to EU Ti are proportionally reduced. This
adjustment effectively captures the decline in import dependency for titanium
feedstock, reflecting a circular substitution of primary imports with secondary
domestic supply.

Because EXIOBASE lacks a pre-defined structure for Reprocessing of Other Non-
Ferrous Metals, its output is modelled such that 15% flows to the EU titanium
manufacturing sector, while the remainder remains unallocated, keeping the
circularity intervention local to the EU system. The input structure of the RM
sector is assumed to mirror that of the titanium manufacturing sector’s output,
under the realistic assumption that the same industries supplying titanium
products (e.g., MOT, ONE Electricity) also generate the corresponding scrap
streams.

The employment and value-added satellites of the RM sector are assumed to be
identical to those of the Reprocessing of Copper industry, given the technological
and labour-intensity similarities between non-ferrous metal recycling processes.
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This configuration ensures that the recycling scenario captures the material circularity
achieved through domestic reprocessing while preserving the balance of monetary flows
within the Input-Output framework. The result is a modelled reduction in external
dependence and a strengthened domestic recycling capacity, allowing for a direct
comparison with the baseline scenario in terms of self-sufficiency, value added, and
employment.
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Chapter 4 — Results and Scenario Outcomes

The following sections present the results of the modelling framework developed in the
preceding chapter and summarised in the research flow diagram (Figure 1). It addresses
the sub-research questions by progressively moving from a system-wide representation
of titanium flows to sector-specific dynamics and economy ripple effects of circular
interventions.

The chapter first reconstructs the 2019 titanium metal supply chain of the EU through a
Sankey diagram, highlighting the structure of production, use and trade, and documenting
the shifts in import patterns that have emerged following recent geopolitical disruptions.
It then examines the stock-flow dynamics of titanium in the civil aviation sector,
quantifying baseline trends and the effects of aircraft lifetime extension and enhanced
recycling scenarios. Finally, the chapter assesses the economic dimension of circular
economy interventions, reporting their implications for value added and employment in
the EU.

4.1 What is the current material configuration of
titanium supply?

Figure 8 is the Sankey diagram of titanium metal flowing in the EU economy in 20194. It
results that there was no domestic upstream titanium supply, relying entirely on foreign
imports of sponge and scrap. Much of this material was downcycled into ferro-titanium,
roughly half of it, or titanium powders for additive manufacturing. Domestic fabrication
met only a quarter of the EU’s total demand for milled titanium, estimated at 29,7
kilotonnes, with the remainder primarily imported from the United States, China, Russia,
and Japan. Around 67% of titanium metal demand was represented by civil aviation,
meaning 19,9 kilotonnes. Due to the extremely high buy-to-fly ratio of around 9:1 in
downstream sectors such as aerospace, only about 6 kilotonnes of titanium effectively
entered the use phase. Hence, roughly 4,5 kt ended up as net addition to stock (NAS) while
1,4 kt reached end of life waste management. Of the resulting outflows, roughly 80% were
collected and stored, while the remainder was simply landfilled or unaccounted for (Oko-
Institut e.V,, 2020).

4 2019 is selected as the baseline year as it precedes the major trade disruptions and geopolitical
realignments that significantly altered global supply chains, thereby avoiding distortions associated with
exceptional volatility. It also ensures consistency and comparability with the JRC’s foundational material
system analyses, which rely on pre-2020 data.
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Interestingly, concerning the bulk of pre-consumer titanium scrap, only 4,8 kt was
reprocessed domestically, while 27,2 kt was exported: over 60% to the United States
under long-term buyback agreements, and the rest to Russia and Ukraine.
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Figure 8. Static Material Flow Analysis of Titanium metal in the EU in 2019, Values are in kilotonnes. Flow colours denote
imports (orange), domestic flows (light green), exports (purple), scrap exports (blue), end-of-life management (light
blue), reprocessing (dark green) and recycling (cyan).

Since 2019, two major disruptions have reshaped this supply chain: the COVID-19
pandemic and the Russo-Ukrainian war. The pandemic primarily affected downstream
demand, with civil aviation activity recovering to 2019 flight levels only by 2024, forcing
manufacturers to delay or cancel aircraft orders and to decommission older models. The
war, instead, disrupted trade and halted several mining operations in Ukraine, triggering
both a contraction in total titanium trade and a profound restructuring of international
partnerships. As a result, EU titanium trade volumes contracted across all product
categories, while their geographical composition shifted markedly. In addition, the
officialization of Brexit in 2020, distorts the dataset as the United Kingdom now results
as a new emergent trade partner when it has actually always engaged within the EU.
Wrought titanium imports declined slightly from 33 to 31 kt, with the United States as
dominant supplier at around one third, while Russia almost halved in favour of a greater
quota from China. More pronounced changes occurred in unwrought titanium, where
total imports fell from 23 to 18 kt and supplier concentration increased. Kazakhstan
became the leading source, providing about 37% of unwrought imports in 2024, while
the shares of Japan and the United States dropped to 18% and 14%, respectively, and
Saudi Arabia entered the market with a non-negligible share. Scrap trade experienced the
strongest contraction: imports declined from 11 to 9 kt, with the United States still
supplying the largest share at 28 percent, but with greater diversification across partners,
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while exports more than halved, remaining heavily oriented toward the United States,
signalling the persistence of buyback agreements. These shifts indicate a reconfiguration
rather than a reduction of external dependence. Against this backdrop, and in light of the
collapse of Russian titanium production capacity (Moscow Times, 2025), the continued
exemption of titanium from EU sanctions has become increasingly contested, prompting
renewed debate over the Union’s strategic trade posture and resource security objectives
(Banks, 2025).
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Figure 9. Structure and evolution of EU titanium trade by product category and trading partner in 2019 and 2024 (data:
UN Comtrade)

4.2 How might circular interventions in civil aviation
affect self-sufficiency in titanium supply?

Under the modelling assumptions described in Section 3.3, Figure 10 illustrates the
aircraft survival matrix for the European fleet. The shows the evolution of aircraft in
operation from 1970 to 2040. Each coloured band represents a vintage, or cohort, of
aircraft entering service in a given year, gradually declining over time according to the
assumed lifetime distribution of 25 years. The model backcasts the early fleet growth,
reproduces the observed data from Eurostat, and projects forward to a total stock of
approximately 7,000 aircraft by 2040.
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Figure 10. Aircraft survival matrix for the EU fleet (1970-2040). Each colour represents a vintage of aircraft entering
service and depleting over time according to the assumed normal lifetime distribution.

The projected inflow of aircraft between 2021 and 2040 amounts to approximately 6,500
units, which is deemed consistent with Boeing’s forecast of 8,700 new aircraft deliveries

across the broader Eurasia region (Boeing, 2021).

Using the established stock-flow model, aircraft data were converted into titanium
tonnage, representing the metal embedded in the EU fleet. Figure 11 shows both the
annual inflows and outflows of titanium, as well as the cumulative evolution of the in-use
stock by vintage. As detailed in the methods chapter, the pronounced fluctuations
between 2000 and 2023 reflect Eurostat’s observed data. The sharp rise in titanium
inflows from 2011 to 2019 stems from the abrupt drop and subsequent recovery in
aircraft numbers during that period. Under the model’s assumptions, this translates into
a surge of newly introduced aircraft featuring higher titanium content per unit weight. By
2025, nearly half of the titanium embedded in the fleet originates from aircraft entering
service after 2018. This pattern highlights that titanium demand in aviation is
fundamentally a design-driven phenomenon, shaped by the shift toward more fuel-
efficient and cost-effective aircraft architectures that replace aluminium with composite
polymers, thereby necessitating a higher share of titanium for material compatibility.
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Titanium inflow and outflow in the EU aircraft fleet (1970-2040)
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Figure 11. Titanium inflows, outflows, and in-use stock in the EU aircraft fleet (1970-2040). The top panel shows annual
flows, while the bottom panel illustrates stock evolution by aircraft vintage.

In 2019, the model estimates an inflow of 1,991 kt of titanium into the use phase, which
closely matches JRC estimates (19,9 kt) once the buy-to-fly ratio of the baseline scenario
is applied. This convergence validates the model, demonstrating consistency between
top-down estimates derived from macroeconomic and trade data and bottom-up
calculations based on material intensities.

Figure 12 presents the static MFA for civil aviation in 2040, showing an inflow to the use
phase of 2,5 kt. The supply chain configuration is assumed unchanged from the 2019
baseline and serves as the reference case for the two circular scenarios. Two figures stand
out: the in-use stock reaches 51,3 kt, while the storage stock of decommissioned aircraft
amounts to approximately 20 kt. By summing all outflows between 2000 and 2040 and
applying the collection rate, it is possible to estimate the quantity of retired aircraft that
theoretically still contain recoverable titanium components suitable for recycling. Such
storage of end of life scrap is insufficient to sustain even part of the yearly demand of at
primary melting stage (31,8 kt). However, as assessed in the following section, it might
contribute to lowering the import dependency of titanium sponge.
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Figure 12. Titanium metal stock-flow diagram in the EU aviation sector in 2040. Values are in kilotonnes; stocks are
cumulative from 2000. Flow colours denote imports (orange), domestic flows (light green), exports (purple), scrap
exports (blue), end-of-life management (light blue), reprocessing (dark green) and recycling (cyan).

4.2.1. Recycling in 2040

The recycling scenario builds on two core assumptions. First, current remelting
technologies can sustain a maximum scrap additive ratio of around 55%, constrained by
the purity requirements of aerospace-grade titanium. Second, only 40% of the scrap
generated during component manufacturing is not subject to buyback agreements with
the United States and thus can be retained within EU borders.

In the baseline, 19 kt of titanium scrap are exported and 3.2 kt are reprocessed
domestically. By retaining 40% of the exported quantity (7.6 kt) and adding it to the
existing domestic reprocessing, total reprocessed scrap rises to 10.8 kt, while exports fall
to 11.4 kt.

By 2040, the in-use and storage stocks remain comparable to the baseline. Through
disassembly operations, it is assumed that roughly 4 kt of titanium are recovered from
decommissioned aircraft, with an additional 1.3 kt sourced from imported aircraft
reaching end-of-life, assuming the EU develops into a regional hub for recycling
operations. Nearly 90% of this recovered material is assumed to re-enter the primary
melting process (cyan inflow of Primary melting), while the remainder is downcycled into
industrial or ferrotitanium products.
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Consequently, the share of domestic scrap feeding the melting stage increases from 10%
in the baseline to about 45%, significantly reducing import dependence across
subsequent production stages. However, the model also highlights a limitation: with an
annual inflow of 1.2 kt and an outflow of 4 kt from storage, the available stock would be
exhausted within a decade, leaving the recycling sector undersupplied. Still, this figure
aligns with the current capacity of facilities like Ecotitanium, which alone can process up

to 4 kt per year, suggesting that such a transition remains technically feasible in the
medium term.
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Figure 13. Recycling scenario of titanium stock-flow dynamics for the EU civil aviation sector in 2040. Values are in
kilotonnes; stocks are cumulative from 2000. Flow colours denote imports (orange), domestic flows (light green), exports
(purple), scrap exports (blue), end-of-life management (light blue), reprocessing (dark green) and recycling (cyan).

4.2.2 Lifetime extension

The lifetime extension scenario assumes that enhanced MRO operations increase the
average aircraft lifespan from 25 to 30 years. As observed in similar studies on the
automotive sector, the benefits of this strategy unfold gradually, becoming significant only
in the long term (Nakamoto & Kagawa, 2022; van Keeken et al., 2024). Figure 14
illustrates the divergence between baseline and LTE scenarios for annual titanium inflow
and outflow from 2024 to 2060. While yearly differences remain modest, explaining the
limited variation in the indicator results presented later, the effects compound over time.
For each additional year added to the average aircraft lifetime, approximately 1.5

54



Chapter 4

kilotonnes of titanium inflow are avoided by 2060 compared with the baseline. Although
this may appear limited relative to the 2.4 kilotonnes of inflow projected for 2040, it
represents an effective smoothing of demand peaks and a strategic buffer against supply
disruptions.

Annual Titanium Inflow: Baseline vs. LTE
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Figure 14. Comparison of annual titanium (kt) inflow and outflow between the baseline and lifetime extension (LTE)
scenarios (2024-2060).

4.2.3 Material indicators for the scenarios

Under the national security discourse, as explained in section 3.1.1, the material
dimension of the indicator dashboard was built to reflect the priority of gaining resource
autonomy. Indeed, the two circular scenarios are now assessed and compared on their
impact on self-sufficiency and recycling rate. The full set of formulas and calculations for
the indicators used here is available in the supplementary material in Zenodo. Notably,
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the indicators do not include the upstream stages of extraction and processing since they
were not included in the system boundaries of the study.

Among the two circular strategies tested, the recycling scenario delivers the strongest
improvement in titanium supply security (Figure 15). With a recycling input rate (RIR) of
35%, it demonstrates that, even when maintaining existing buyback agreements, the EU
could significantly increase its autonomy from extra-EU suppliers. Under current CRMA
definitions, this scenario would nearly triple the 25% recycling target and substantially
raise domestic processing capacity, as measured by the share of titanium ingot production
relative to demand for milled products.

The LTE scenario, as expected, has limited short-term effects on supply security by 2040.
Over the longer term to 2060, it slightly reduces the availability of secondary feedstock,
due to lower inflows to the use phase, but marginally enhances self-sufficiency in
component manufacturing by reducing the need for imported titanium mill products.

Overall, the recycling scenario clearly outperforms lifetime extension across the tested
indicators, while the latter’s benefits appear marginal in the current modelling
framework and time horizon.
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Figure 15. Comparison of titanium supply security material indicators under baseline, recycling, and lifetime extension
(LTE) scenarios.
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4.3 How might circular interventions in civil aviation
affect domestic value creation of the titanium sector?

Based on the MRIO analysis, the Manufacturing of Titanium and Articles Thereof sector
generated an estimated total output of €340 million in the EU in 2019, contributing €30.4
million in value added and employing approximately 341 people. These figures are
consistent with external estimates supporting the reliability of the model within expected
uncertainty. Indeed, Buesa et al. (2025) report that the four main titanium ingot
producers in Europe collectively employ around 200 workers.

Scenario analysis indicates that circularity measures could yield measurable
macroeconomic effects. Under the Recycling scenario, the European economy would gain
an estimated €43.7 million in additional value added and around 500 new jobs across the
supply chain, while the LTE scenario would generate a more modest increase of €6.6
million and approximately 250 jobs. These changes reflect economy-wide adjustments
rather than direct employment within the titanium sector itself, showing the broader
systemic impact of circular strategies.

Despite the different assumptions in the modelling of the recycling scenario, the trend is
similar to what registered by Buesa et al. (2025). In this case the buyback agreements
were left untouched and still considerable economic gains were obtained. In addition, the
aircraft lifetime extension scenario has a lower contribution to employment and value
added as expected by the increase in services by lower capital intensive industry of MRO.

Table 5. Comparison of titanium supply security economic indicators under baseline, recycling, and lifetime extension

(LTE) scenarios.
Value added (Million €) Employment (People)
Sector Economy Sector Economy
Baseline 30,41 14.018.388 341 202.048.000
Recycling -0,054 +43,67 0 +495
LTE -0,046 +6,58 -1 +245
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Chapter 5 — Discussions and limitations

The previous chapter answered the three sub research questions that guide the present
thesis work. The results call for a three front discussion touching the gaps exposed
through the literature review. The following sections will in good order contextualise the
findings in the broader picture of research on the impact of CE strategies on titanium
supply security in the EU; discuss the conceptual implications of the proposed Circular
Security framework on the broader EU policy environment; and finally comment the
impact and limitation of the methodological hybridisation.

Table 6. Dashboard of material and economic indicators with percentage changes of recycling and LTE scenarios
compared to baseline

Recycling LTE

SSR - Melting +34% -2%

SSR - Fabrication +30% 0%

SSR - Manufacturing +4% +5%

RIR +27% -1%

Domestic processing (CRMA) +20% +4%
Domestic recycling (CRMA) +51% 0%
Value added (Million €) +43,67 +6,58
Employment (People) +495 +245

5.1 Results discussion

The 2019 baseline confirms two structural vulnerabilities long identified in titanium
criticality assessments. The EU remains almost entirely dependent on imports at the
primary melting stage, while simultaneously generating extraordinary volumes of pre-
consumer scrap during component manufacturing, most of which is exported. This
configuration reflects a structural asymmetry of concern under a national security
perspective: high-value downstream activities are retained, but control over primary and
secondary feedstock remains externalised.

Recent trade reconfigurations suggest a more diversified supply structure, seemingly
aligned with the logic of Open Strategic Autonomy. Yet this diversification conceals
persistent geopolitical fragilities. Firstly, the substitution of direct Russian imports with
flows from Kazakhstan and Tiirkiye is unlikely to reflect sudden capacity expansion and
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more plausibly indicates indirect routing of sanctioned material. Secondly, the rapid rise
of Saudi Arabia as a supplier of unwrought titanium illustrates how diversification can
quickly generate new concentration patterns. Finally, a complete decoupling from Russia
could prompt a similar pattern seen in the oil and gas sector, where its trading balance
would be filled by China (Tan, 2025). This scenario would mean that the PRC would not
only have a dominant position in low grade titanium sponge global supply, as assessed in
the literature review, but also stockpile aviation grade material contributing to its civil
and military compartments.

Against this backdrop, CE scenarios yielded insightful security implications regarding
domestic control of supply and industrial capacity. On a static basis, Table 6 shows that
enhanced domestic recycling preforms strongly, with consistent increase in self-
sufficiency rates, accomplishment of CRMA targets and substantial creation of value
added. However, this growth is primarily driven by the retention of pre-consumer scrap
rather than end-of-life aircraft dismantling. At the point of self-sufficiency in melting, the
reprocessing of manufacturing scrap accounts for three-quarters of the total increase.
Consequently, these gains represent a tactical redirection of existing material outflows
rather than a fundamental structural transformation of the EU's production base. In fact,
practical constraints limit the scalability of this pathway: buyback agreements with the
United States restrict domestic scrap retention, and renegotiation would likely carry
geopolitical risks. Even under current proven capacities (Buesa et al., 2025), plants such
as EcoTitanium would exhaust available scrap stocks within roughly a decade, revealing
that end-of-life recycling cannot serve as a stable long-term foundation for supply
security. In addition, as noticed in similar complex system case studies (Iacovidou et al,,
2020), an “end-of-pipe” focus arguably risks locking the system into managing waste
instead of addressing inefficiencies embedded in high buy-to-fly.

Lifetime extension, although weaker in static indicators, exhibits important dynamic
effects. Each additional year added to average aircraft lifetime avoids approximately 1.5
kilotonnes of titanium inflow by 2060 relative to the baseline, while delaying outflows
and therefore the availability of end-of-life scrap. Interestingly, this shows that recycling
and lifetime extension operate in tension rather than in synergy, in contrast with previous
results (Hoff et al., 2025). The same research though, proved that lifetime extension
performs better than recycling in alleviating long-term titanium scarcity. At the same
time, remanufacturing and component-level repair in titanium remain economically
attractive, reinforcing their relevance within a security-oriented circular strategy
(Baldassarre, 2025). Furthermore, current employment projections likely underestimate
the labour potential of lifetime extension; for instance, a single hangar dedicated to heavy
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MRO typically sustains a workforce of 150 to 300 personnel, depending on aircraft
complexity and shift structures (AAR, 2024; Memon, 2022; Sharjah Airport, 2021).

Overall, under the choices of the Circular Security framework, the results imply that no
single loop of the R ladder can be privileged in isolation for achieving domestic supply
control and enhancing industrial capacity. Recycling and lifetime extension each reduce
exposure, but neither alone solves the structural dependence. The research suggests that
the largest security leverage lies upstream, where excessive pre-consumer scrap is
generated by subtractive manufacturing. Reducing the buy-to-fly ratio through additive
manufacturing simultaneously lowers primary sponge demand, expands domestic
reprocessing capacity and creates more capacity for recycling scrap (Airbus, 2026).
Moreover, narrowing strategies, such as reducing titanium content in future aircraft, may
lower material exposure but potentially at the cost of higher fuel use and emissions.
Closing-loop strategies, including downcycling of end-of-life titanium into non-aerospace
applications, still representing roughly 30% of titanium metal demand, could relieve
pressure on primary sponge without competing for aviation-grade material. In
conclusion, security-oriented circularity therefore emerges not as a preference for
recycling, but as a portfolio of interventions that must be evaluated against hybrid
constraints over time.

On the limitations side, this thesis research deliberately excludes interventions in primary
ore extraction and beneficiation. The choice is justified by the fact that upstream mining
and refining activities are currently absent from the EU titanium supply chain and fall
outside the defined system boundaries. However, circular strategies, regardless of their
effectiveness, cannot substitute entirely a stable inflow of primary metal. Although
titanium-bearing ores exist within Europe (Table 7), decades of limited investment in
mining, refining, and metallurgical processing have generated a substantial technological
and skills gap. As noted by Buesa et al. (2025), rebuilding upstream capacity within a
meaningful policy horizon would require long lead times, capital intensity, and
coordinated industrial strategy, making rapid reindustrialisation implausible. They
recommended to strengthen partnerships with Ukraine, in order to benefit from its high-
quality deposits. Yet this option has become more complex in light of the 2025 U.S.-
Ukraine minerals agreement (Baskaran, 2025).

From a national security perspective, the titanium supply chain once again reflects the
broader recalibration of the geopolitical landscape. As Ukrainian mineral development
becomes increasingly aligned with U.S. interests, it intersects, and potentially conflicts,
with the EU’s own pursuit of strategic autonomy, precisely at a moment when several
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Member States have begun to openly frame the United States itself as a potential security
risk (Roussi, 2025).

5.2 Conceptual implications

The literature review demonstrated that neither “circular economy” nor “supply security”
is a neutral or self-standing category. The EU’s criticality framework enables cross-
material comparison, yet its technocratic logic abstracts from the prior political act that
defines what counts as “secure.” As Petelin (2024) argues, security begins with the
selection of a discourse; this choice determines which risks are prioritized and which
policy instruments are legitimized. In parallel, circular economy strategies do not possess
intrinsic normative value, rather their meaning depends on the security logic within
which they are embedded.

The Circular Security framework adopted here resolves this epistemological gap by
restoring political agency to the centre of analysis. As Lidén (2023) notes, risk
assessments encode ethical and political judgements about whose security is protected
and whose is deferred. Once a security is selected, it becomes possible to derive
appropriate indicators, analytical methods, and policy objectives. The titanium case
illustrates the analytical advantage of this approach. The dashboard method makes visible
trade-offs that a composite index would conceal: recycling scenario meets swiftly the
CRMA targets but rapidly depletes end-of-life stocks, whereas lifetime extension
enhances self-sufficiency but delays scrap availability for recycling. Rather than
collapsing these tensions into a single aggregate score, the framework exposes their
temporal and systemic incompatibilities, forcing explicit political prioritisation.

For analytical simplicity, this thesis equates national security with Open Strategic
Autonomy, a move that entails clear limitations. National security conventionally includes
defence, which lies outside the present scope. Indeed, defence procurement and military
capabilities remain largely under Member State control, a step below the chosen
boundaries, current debates on a European army and common debt-financed
rearmament suggest that this division is becoming increasingly blurred (Clapp et al,,
2025). In the titanium case, the material’s dual use in civil aviation and defence
applications introduces the risk of intra-European competition for constrained supply.
Despite objective difficulties in data gathering regarding defence industry, a framework
that excludes defence considerations cannot fully account for such distributional
tensions.

61



Chapter 5

A second limitation concerns the dual nature of OSA itself. Such vision is not purely
inward-looking, but it combines internal capacity-building with continued international
engagement. As Kroll (2025) cautions, pursuing autonomy through reduced external
linkages would be economically counterproductive. Furthermore, prioritising national
security can generate international insecurity if circularity becomes a zero-sum contest
over secondary resources. The titanium recycling scenario demonstrates this tension
concretely. Retaining 40% of currently exported pre-consumer scrap would raise the
recycling input rate to 35% and generate €43.7 million in additional value added within
the EU. However, this outcome presupposes the continued functioning of buyback
agreements with the United States. If EU capacity expansion were perceived as a
competitive threat, these arrangements could be restricted. The “security gain” is
therefore contingent on geopolitical tolerance rather than structurally guaranteed.

This dynamic aligns with what Patrick Schréder and Jack Barrie (2024) term “Circular
Resource Nationalism”: the strategic retention of secondary materials to enhance
domestic resilience. Similar patterns are visible in China’s export controls on rare-earth
processing technologies, Nordic approaches to critical metal circularity (Petelin, 2025),
and the growing integration of circular practices into defence logistics (EDA, 2025).
Within the EU, this shift corresponds to a broader project of “refortifying” European
capitalism (Glencross, 2024), reinforced by a hybrid-warfare framing in which economic
and technological dependencies are treated as vectors of vulnerability (European
Commission, 2025c). The proposed RE-Source EU Act exemplifies this trajectory:
circularity is elevated alongside, and in some cases ahead of, traditional resilience
instruments such as stockpiling and supplier diversification (European Commission,
2025e).

Regardless of the specific choices operated in this thesis, the framework's structure
reveals alternative pathways that remain latent. A human security framing, for instance,
would ask whether titanium governance enhances material sufficiency and community
resilience rather than simply import substitution. It would foreground secure
employment in regional processing hubs and reduced exposure of workers and nearby
residents to the social and health costs of extraction and refining. It could also question
the social externalities of highly centralised, capital-intensive production systems, where
economic concentration may erode community cohesion and contribute to social
dislocation. An ecological security framing would foreground dematerialization and
design optimization (R0-R2 strategies), treating end-of-life recycling as a symptom of
overconsumption rather than a solution. The framework thus continues to operate in that
trilemma of resources explained in the introduction. The 2026 Circular Economy Act will
force a choice: either circularity serves national competitiveness, in which case ecological
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and human goals are subordinated, or it serves wellbeing and planetary boundaries, in
which case strategic autonomy must be pursued through other means. However, it cannot
be excluded that contingent side gains can be achieved on one discourse even when
pursuing another, but only continuous measurement can reveal the true extent.

5.3 Methodological implications and limitations

Beyond the conceptual contribution of the Circular Security framework, this thesis
advances methodological hybridisation within IE. It represents the first integration of
MFA and MRIO analysis applied to the aviation sector, combining dynamic stock-flow
insights with an economy-wide representation of intersectoral linkages. This joint
perspective reveals dynamics that neither method could capture in isolation and build
directly on the recommendations of Tukker (2025). For example, MRIO results indicate
that titanium recycling could generate approximately €43.6 million in value added in a
single year, while the dynamic MFA shows that secondary feedstock would be depleted
over the long term, constraining scalability and ultimately leading to declining recycling
capacity. The application of the MARIO Python package to the analysis of critical raw
materials further demonstrates the flexibility and potential of this novel open-source tool.

Methodologically, the EXIOBASE input-output table was augmented by disaggregating
titanium manufacturing from the aggregated “Other non-ferrous metals” sector and
populating it with coefficients derived from the MFA, following the approach proposed by
Tisserant & Pauliuk (2016). Unlike earlier work, however, the table was not projected into
future scenarios using GDP-driven forecasts. Instead, the augmented matrix was used to
assess the directional economic effects of selected circular interventions on the titanium
sector, maintaining a transparent link between material constraints and economic

outcomes.

Despite these innovations, several limitations inherent to current data and modelling
frameworks remain. First, the fixed production recipes embedded in the MRIO technical
coefficients prevent the representation of technological change, such as reductions in
buy-to-fly ratios enabled by additive manufacturing. Second, the inclusion of gross fixed
capital formation and inventory changes can only partially mitigate the static nature of
MRIO models. While national accounts represent depreciation through the consumption
of fixed capital in monetary terms, MRIO frameworks do not capture asset vintages,
decommissioning processes, or the physical stock-flow feedback that link capital
accumulation to material release over time. Third, as already noticed by Buesa et al.
(2025), all titanium types are aggregated into a single sector despite large value-added
differentials between aerospace-grade and industrial titanium. The assumed average
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price of €20 per kilogram masks market realities in which aerospace-grade material can
exceed €100 per kilogram, and defence aviation cannot be isolated as it remains

embedded within the aggregated “Other transport equipment” sector.

Additional limitations concern the representation of circular strategies. Lifetime
extension is modelled solely as an increase in average service life and therefore does not
explicitly capture MRO flows that may significantly affect material demand. Besides, the
extension is applied only to new inflows of aircraft, not to the one already in stock, which
is the reason why it takes much time to yield results. Similarly, the recycling scenarios
assume a uniform scrap input ratio of 55% at the melting stage for both pre- and post-
consumer scrap. In practice, recycling performance depends on alloy composition,
contamination levels, remelting cycles, and certification constraints, which are
substantially more stringent for aviation-grade titanium than for industrial applications.

Finally, an important limitation affects the satellite accounts. The investments made in
automatization of recycling processes, additive manufacturing and augmented reality in
MRO operations are all factors of uncertainty for the creation of jobs in the circular

scenarios.
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Chapter 6 — Conclusions and future research

This concluding chapter draws together the conceptual and empirical threads developed
throughout the thesis, situating the titanium case within the broader challenge of
securing critical material supply in an era of geopolitical volatility. It reflects on how
different understandings of security shape the evaluation of circular strategies, and on
how the integration of material flow and economic modelling can support more
transparent and policy-relevant decision making. By returning to the analytical
framework introduced earlier, the chapter answers to each sub research question,
culminating in identifying the implications of the results for both Industrial Ecology

research and European resource governance.

6.1 SubRQ1: What is the current material configuration
of titanium supply?

The static MFA confirms the structurally weak position of the European Union within the
titanium metal supply chain. The EU lacks infrastructure for both mineral extraction and
ore beneficiation, although this stages are characterised by unconstrained global supply
and relatively low value added. More critically, it has no domestic capacity for titanium
sponge and is therefore fully dependent on imports of both virgin material and high-
quality scrap from USA, Japan, China and Russia. Owing to the stringent purity
requirements of civil aviation, the dominant end-use sector for titanium metal,
approximately half of the sponge produced is diverted to the ferro-titanium industry,
introducing an additional structural vulnerability.

Despite relatively modest titanium demand at the use phase of 6 kt, the exceptionally high
buy-to-fly ratios, associated with conventional subtractive manufacturing, constitute the
single most significant weakness in the supply chain. Buyback agreements with the
United States account for roughly 60% of EU pre-consumer scrap exports and imply that
any meaningful intervention would require political negotiation rather than purely
technical adjustments. Trade patterns have been reshaped over the past five years largely
due to COVID-19 shock and the Russo-Ukrainian war, yet the United States continues to
dominate the EU’s titanium trade balance. At the same time, new actors have entered the
midstream segment, notably Saudi Arabia, while other countries have increasingly
functioned as transit hubs for Russian wrought titanium exports.
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6.2 SubRQ2: How might circular interventions in civil
aviation affect self-sufficiency in titanium supply?

In light of the Circular Security framework developed in the methods section, this research
question addressed the material dimension of a national security framing, with the
explicit objective of reinforcing the domestic control of EU titanium supply chain. System
boundaries were therefore restricted to the civil aviation sector, which allowed to identify,
through a dynamic MFA, the in-use and end-of-life stocks. Following an assessment of
baseline self-sufficiency and CRMA indicators, two circular interventions were evaluated
in the medium future.

By 2040, enhanced domestic recycling, combining increased retention of pre-consumer
scrap with end-of-life aircraft dismantling, yielded substantial improvements across all
material indicators. Self-sufficiency at the melting and fabrication stages increased by
approximately 30 percentage points relative to the baseline, while domestic recycling
targets under the CRMA were met and exceeded. However, the dynamic stock assessment
revealed a critical limitation: the available pool of end-of-life aircraft would be depleted
within a decade, even when supplemented by imported decommissioned fleets. Absent
significant technological change at the melting and component manufacturing stages, or
a renegotiation of existing buyback agreements, large-scale investments in recycling
infrastructure would therefore act as a short-term remedy to a more structural
vulnerability.

By contrast, the aircraft lifetime extension scenario performed weakly across the static
indicator dashboard and introduced tensions with recycling by reducing annual pre-
consumer scrap generation and delaying outflows to waste management. This outcome is
largely an artefact of static representation. Lifetime extension is an incremental strategy
whose effects accumulate over time through increased in-use stock retention. While MRO
activities do not create an alternative material supply route capable of rapidly reducing
import dependence, they progressively build a buffer against demand shocks and supply

disruptions.

Overall, these results highlight the necessity of a dynamic and system-wide perspective
when assessing circular strategies for supply security. In particular, greater emphasis
should be placed on narrowing loops through more efficient manufacturing processes
and the explicit integration of material criticality into design choices, where long-term
synergies across circular interventions are most likely to emerge.
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6.3 SubRQ3: How might circular interventions in civil
aviation affect domestic value creation of the titanium
sector?

The economic dimension of circular interventions further reinforces the national security
argument. The recycling scenario, modelled in the MRIO as a 15% increase in end-of-life
scrap displacing primary imports, generates an additional €43.7 million in value added
and approximately 500 new jobs across the EU economy. By contrast, the lifetime
extension scenario, where demand shifts from new aircraft procurement to MRO services,
produces more modest gains of €6.6 million in value added and roughly 250 jobs. In both
cases, substituting imported primary material or new aircraft with domestic circular
activities, allows the EU to retain capital that would otherwise accrue to extra-EU
suppliers, notably in the United States and China. The security implications of these gains
in value and employment are interpreted as increased domestic industrial capacity.

However, the static nature of MRIO limits the analysis to a snapshot of economic effects
and cannot capture their evolution over time. When interpreted alongside the material
results, it becomes apparent that recycling-driven value added and employment would
decline as the stock of decommissioned aircraft is depleted, constraining the scalability
of the sector. Lifetime extension, by contrast, delivers smaller but more stable economic
returns concentrated in the MRO industry. As also observed by Hoff et al. (2025), this
pathway enhances airlines operational autonomy by reducing reliance on external
recycling facilities, which are often geographically and institutionally detached from
original aircraft value chains.

6.4 Main RQ: What effect could Circular Economy have
on the security of titanium supply in the European
Union?

The titanium case study demonstrates that the aviation sector, and by extension the
broader European economy, can benefit substantially from the large-scale
implementation of transformative circular economy strategies. The circular security
framework developed in this thesis clarifies the relationship between security discourses,
circularity interventions and the expected implications for the various dimensions of the
complex system under study.

Within the assumptions of the modelling framework, both recycling and lifetime
extension contribute positively to enhancing self-sufficiency while generating additional
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value and employment across the EU economy. These findings indicate that CE policies
can meaningfully support national resource security objectives. At the same time, the
titanium supply chain must be understood as a complex socio-technical system whose
transformation requires a dynamic and holistic perspective. No single industrial actor can
reshape the system in isolation. Instead, it is the political sphere that ultimately
determines the direction of change by defining priorities, incentives, and the
understanding of security itself. Public-private partnerships will therefore be central to
translating circularity from an emerging policy objective into an operational industrial

regime.

The Draghi Report’s warning that “the foundations on which we built are now being
shaken” (Draghi, 2024) signals more than economic turbulence. It marks a structural shift
in the geopolitical order that underpinned European integration for decades, and the
titanium case fully mirrors this transformation. Buyback agreements that once reinforced
the EU’s industrial competitiveness are now revealed as systemic vulnerabilities, yet
abandoning them outright would simultaneously dismantle the scrap streams that make
domestic circularity possible. This tension encapsulates a core dilemma facing European
resource policy as autonomy cannot be strengthened without first confronting the
legacies of interdependence on which the Union was built.

In this light, the reconfiguration of the titanium supply chain can capture the spirit of a
broader systemic shift. The European project itself was born from the collective
governance of critical materials, a mechanism designed to rebuild economies and secure
peace through shared prosperity. Revisiting and reshaping that original pact is therefore
not merely a technical adjustment, but a defining act of renewal. The outcome will not
only determine the future of some strategic metal, but will also speak to the endurance of
the European integration model in an increasingly fragmented world.

6.5 Recommendations for future research

Future research should address both the conceptual and methodological boundaries of
the Circular Security framework while broadening its empirical scope. The framework’s
current categorisation of security outcomes could be refined to distinguish more
explicitly between defence-oriented applications, civil-industrial uses, and alternative
understandings of security that are not necessarily derived from the constructivist school.
In this sense, further studies could understand the synergies between the discourses,
because as argued in the discussions, already in the OSA vision the national and

international ones are closely associated.
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Likewise, the selection of indicators should be expanded beyond the given material and
economic metrics to include also regulatory, governance and financial variables. For
instance, on the regulatory side, certification requirements for aviation-grade titanium
remain a significant barrier to recycling; examining and scoring how these standards
could be safely reformed would therefore be essential for enabling higher recovery rates.
On the financial side, emerging instruments such as the tokenization of CRMs, which
promises greater liquidity and traceability through blockchain-based systems, warrant
closer scrutiny (Hughes, 2025b). While such mechanisms could support supply
transparency and investment flows without the need of public subsidies, they may also
intensify financial speculation and systemic risk, with implications comparable to those
observed in commodity derivatives markets (Boehm, 2024).

Extending the framework to other domains, such as food or energy systems, would
further test its analytical robustness and reveal whether similar trade-offs and synergies

emerge across different material metabolisms.

Resilience, treated here as an emergent property proper of the holistic performance
review of the indicators, warrants deeper conceptual elaboration. Future work should
define resilience more explicitly in terms of absorptive, adaptive and transformative
capacities, and engage with the quest to capture the system’s ability to withstand,
reorganise and evolve under disruption. This would allow the framework to move beyond
outcome-based assessment towards a more dynamic understanding of systemic stability
and change.

Empirically, greater attention should be devoted to circular strategies that narrow and
slow material loops, particularly at the design and manufacturing stages. Assessing the
effects of refuse, rethink and reduce strategies on titanium demand, and linking these to
technological shifts such as additive manufacturing, would clarify how upstream
interventions reshape both material throughput and supply vulnerability. In parallel,
modelling approaches should evolve beyond the combined MFA-MRIO architecture.
While these tools remain powerful for structural analysis, complementary methods
would enable a more comprehensive exploration of systemic disruptions and policy
interventions. In particular, Computable General Equilibrium models may capture price
adjustments and substitution effects, while Agent-Based Models allow exploring
nonlinear shocks, rationing, stockpiling or behavioural responses.
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Appendix I — Titanium supply chain

Table 7. World mine production and reserves of ilmenite and rutile. Data in thousand
metric tons, titanium dioxide (TiOZ2) content (USGS, 2023)

MINE
couvrny  MEFIODUETION MV | puabicon | RS
UNITED STATES 100 2000
AUSTRALIA 400 180000 200 35000
CANADA 350 51000
CHINA 3300 110000
INDIA 210 15000 12 670
MADAGASCAR 240 30000
MOZAMBIQUE 1900 NA 8 720
NORWAY 360 37000
SENEGAL 300 NA
SOUTH AFRICA 1300 28000 100 6100
UKRAINE 120 5900 10 NA
OTHER COUNTRIES 330 >54000 20 >540
VV((I){I({)I;B\IE%EI;L 8900 >510000 450 >46000
WORLD TOTAL
(ILMENITE + RUTILE, 9400 >560000
ROUNDED)




Table 8. Titanium metal supply chain with relevant inflows, outflows and technologies at each stage. Recycling flows and technologies are
indicated in italics (D. Hu et al,, 2017; Takeda & Okabe, 2019; USGS, 2019, 2023).
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TITANIUM METAL SUPPLY CHAIN

EXTRACTION & PROCESSING MANUFACTURING & USE END-OF-LIFE

Tier 3 suppliers Tier 2 suppliers Tier1 i Aircraft Metal recyclers

Extract iimenite and rutile ores. Smelt sponge into ingots, mixing it with production scrap Turn milled products into  Assemble components into Dismantle aircrafts to recover Downcycle the remainder
Process them into titanium metal sponge and other metal alloys. Turn ingots into semi-finished titanium components for  finished products for the components for remanufacturing  of the titanium mass by

through magnesiothermic reduction

milled products (e.q.,bars, plates, wire, etc.,)

aviation and defence

aviation and defence industry

and scrap titanium for recycling  mixing with other alloys

Metal alloy
elements

Ti metal (alloy)
ingots / billets

Ti metal (alloy)
mill products

| Space

I Defence

Ti metal
(alloy) powder

Non-metal products

Ti pigments

White paints, coatings, ...

Primary material flows
Reducing (material demand)
Reusing {remanutacturing)
Recyding (ciosed / open loop)
Dawncycling

Losses

Additive for I

=== =

Civil aviation

Airframe components

Engine components

applications

Ti metal (alloy)
end-of-life aviation
and defence scrap

FeTi

Other metal products

Steel products

I arrier o circuarity in EU
@ Oriver o circularty in €U

products

Unknown

Barriers to titanium metal circularity in EU

destinations

Drivers to titanium metal circularity in EU

[Geopolitical barrier] Different countries stockpile titanium metal products and circular
economy collaborations are limited

[Cultural barrier] Intellectual property issues prevent knowledge transfer needed for
recycling titanium metal from aircraft components

[Regulatory barrier] Recertification requirements prevent the reuse of life-limited aviation
parts in titanium metal

[Regulatory barrier] Recertification requirements pose challenges to reducing primary
titanium metal demand and increasing recycling

[Economic barrier] Buyback schemes for “production scrap” are put in place by suppliers of
wrought titanium metal

[Economic barrier] Processing titanium metal ingots from virgin sponge and recycled scrap
requires high capital investments and operating costs

[Technical barrier] Titanium metal recycling technologies are not yet widely deployed

[Technical barrier] Eco-design for disassembly of titanium metal parts entails trade-off with
other requirements

[Geopolitical driver] Conflicts leading to supply disruptions increase demand for recycled
titanium metal and spare parts

[Geopolitical driver] Cross country partnerships to produce wrought titanium metal are
functional to sustain recycling

[Cultural driver] Envil creates i for
end-of-life opportunities in the titanium metal supply chain

to exploit

[Regulatory driver] Classification of titanium metal as a critical raw material can catalyse
circularity
in titanium metal is

[Economic driver] Repair and aviation

profitable

[Economic driver] Increased titanium metal mass in new aircrafts and defence assets
creates a market opportunity for “end-of-life scrap” recycling

[Technical driver] New aircraft dismantling facilities are being established to recover
valuable materials including titanium metal

[Technical driver] Reverse logistics capabilities for cross-sectoral sourcing and open loop
recycling of titanium metal “end-of-life scrap” are emerging

[Technical driver] Closed loop titanium metal recycling already exists at small-scale in the
production of defence applications

[Technical driver] Businesses are experimenting with new technologies to drastically reduce
titanium metal demand

Figure 16. Titanium metal supply chain with identification of drivers and barriers to circularity in the EU (Baldassarre,
2025)
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Appendix II — Indicators for criticality assessment

Table 9. Typology of Critical Raw Material (CRM) indicators and their functional roles across the dimensions of Supply
Risk, Vulnerability, and Systemic Resilience.

. Supply Disruption . e
Indicator ] Vulnerability (Impact) Resilience
(Risk)
High: Low diversity
(high HHI) implies Low/Indirect (High
. . concentrated supply, . concentration means
Diversity (HHI) . ) Low/Indirect
increasing low system
the probability of adaptability).
disruption.
High: Instability in
& ) y ] Low/Indirect (A
. . producing countries _
Political Stability ) ] stable system is more
increases Low/Indirect o o
(WGI) . resilient to political
the probabilityof
. . shocks).
disruption.
. . Low/Indirect (A
High: Lower depletion
. . i long-term lack of
Depletion Time / | time increases long- ) )
o . Low/Indirect resource necessitates
Availability term probability of .
L major system
supply limitations.
change).
High: Active trade
policy (e.g., export Low/Indirect
Trade quotas) directly ) (System is non-
. L. ) Low/Indirect .
Policy/Restrictions increases resilient to trade
the probability of shocks).
disruption.
High: High usage by the
Internal system under study
Demand/Consumptio Low/Indirect means a disruption will Low/Indirect
n have a higher
impact(vulnerability).
] . High: High potential
Relative Economic _
economic loss means the
Importance . . .
Low/Indirect system is Low/Indirect
(GDP/Revenue )
highly vulnerable to
Impact) ) )
disruption.
Inverse Risk: High Inverse Impact: Low High: Key measure of
] o substitutability =~ substitutability makes the the system's ability
Substitutability .
can decrease the system highly to adapt and
probabilityofa  vulnerable to disruption. recover




Recycling Rates

Environmental/Social

Factors

By-product
Dependency

market-level
disruption.
Inverse Risk: High
rates reduce reliance
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supply, decreasing
the probability of
disruption.

Risk Source
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1): Regulations/impac

ts can cause a supply
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High: Supply is
dependent on another
material's demand,
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sk.

supply uncertainty/ri
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system's ability to
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Low/Indirect
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Impact Source
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3):Material use
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lityon the
environment/society.
Low/Indirect Low/Indirect
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Appendix III — IE methods in detail

Material Flow Analysis

Material Flow Analysis (MFA) is a systematic assessment of the flows and stocks of

materials within a system defined in space and time (Brunner & Rechberger, 2016). It

builds on concepts from network analysis and life cycle analysis, as it connects the

sources, the pathways, and the intermediate and final sinks of a material. Because of the

law of the conservation of matter, the results of an MFA can be controlled by a simple

material balance comparing all inputs, stocks, and outputs of a process.

Even though MFA is not standardised through a specific ISO, it broadly follows these steps:

1.

5.

Define the goal and scope of research - for instance just quantifying and
monitoring material flows and stocks or evaluating the effects of policies on those
flows and stocks will require different data and steps to reach conclusions
System definition and design of the model - the practictioner must choose one
material and functional unit, temporal and spatial system boundaries, optionally
include subsystems and choose the resolution of processes, flows and stocks.
Indeed, MFA treats transformative processes as balck boxes and the various
elements are often aggregated. A further distinction is made at thi stage

a. Static MFA - Time is not a modelling variable, hence the model is a

snapshot;
b. Dynamic MFA - Time is a modelling variable and the model can be used to
determine stocks and development of stocks and flows over time.

Quantification of the model - Once the life cycle of the material is understood and
qualitatively drawn, the practictioner can proceed to entering data effectively
creating an Accounting model. The main distinction here is between a top down
approach, that draws data from government or global statistics, and bottom up,
that obtains them by directly interviewing actors of the supply chain or derives
them through material intensities. The model is then mass balanced and transfer
coefficients are calculated for each process.
Modelling conterfactual scenarios - different scenarios, policy representations,
circular transformations can be modelled and compared.
Interpretation of models results — usually done through indicators.

In dynamic MFA, two distinct approaches are used depending on the model’s temporal

logic. Flow-driven models take historical inflows as inputs and, using a lifetime
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distribution (the survival curve), estimate in-use stocks and outflows. These models are
suitable for retrospective analyses. Stock-driven models, instead, start from observed or
projected in-use stocks and use the survival curve to calculate the corresponding inflows
and outflows, making them particularly suitable for forecasting scenarios. The modelling
choice depends strongly on data quality and availability.

In summary, MFA provides a robust framework for analysing the life cycle of a material,
its supply chain, and the stock-flow dynamics that define its metabolism within a given
system. However, it operates purely in physical terms and does not account for the
economic value created at different stages of the supply chain.

Multi-Regional Input Output Analysis

Input-Output Analysis (I0A) is a systematic framework for quantifying the economic
flows of goods and services within a defined system, typically a national or regional
economy, over a specific period (Leontief, 1936). It builds on the principles of
interdependence among sectors, tracing how the output of one industry becomes the
input of another and how final demand drives production across the entire economy.
Unlike material flow analysis, which measures physical quantities, the 10 framework
adopts monetary units, enabling a harmonised view of intersectoral linkages across the
whole economy. It can represent a single region, typically a national economy, or multiple
regions, capturing trade flows and economic interdependencies at a global scale
(Nakamura, 2023).

The 10 table is structured as a balanced matrix where rows and columns represent the
same set of industries. At its core lies the interindustry transaction matrix (Z), which
records the flow of goods and services used as intermediate inputs in production. Each
row represents an industry’s total output distributed to other industries, while each
column represents the inputs that an industry purchases from others. To the right of this
central block lies final demand (Y), which records sales to end users rather than to other
industries. These include household consumption, government expenditure, non-profit
institutions serving households, gross fixed capital formation (GFCF), changes in
inventories, and exports. Together, these categories account for all goods and services that
leave the production system and contribute directly to gross domestic product. The
GFCF represents the investments made within a sector and serves as the only proxy for
stock accumulation in Input-Output tables, which are inherently static and do not capture
past or evolving capital dynamics. Below the interindustry matrix lies value added (V),
which represents each sector’s contribution to the economy. It is the difference between
total output and intermediate consumption and includes compensation of employees,
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taxes less subsidies on production, consumption of fixed capital, and operating surplus
(profits). The total of these elements equals the total input (x’) of each sector, which by
accounting identity must match its total output (x).

Input-output analysis thus enables the measurement of total economic impacts,
identification of key sectors with strong upstream and downstream linkages, and support
for macroeconomic planning and policy evaluation. When extended with environmental
data such as energy use or emissions, the 10 framework becomes an environmentally
extended input-output analysis (EEIOA), a central tool in industrial ecology for assessing
the material and environmental footprints of production and consumption systems.

Follows a non exaustive step guide of Multi Regional analysis:

1. Define the System Boundaries and Scope - specify the regions to be included as
well as the temporal resolution and purpose of analysis. Besides, sectors are to be
specified as well since databases aggregate them and therefore simplify their trade
structure.

2. Collect and harmonise data sources - in accordance to the scope different
databases are available all with specific limitations. For instance, Exiobase is
already compiled for all the years from to but it could be necessary to disaggregate
sectors or adjust currency.

3. Compute technical coefficient (A) - it represents the recipe of the sector, also
defined as the input requirements per unit of output. It is obtained by dividing
each element of the inter-industry matrix by the total output of the consuming
sector.

4. Calculate the Leontieff inverse (L) - it is derived from the A matrix and captures
both the direct and indirect production requirements throughout the economy.

5. Extend the MRIO with satellite accounts - depending on the scope, the analysis
could require the transformation of monetary flows in environmental or social
impacts

6. Scenario analysis - by introducing modifications, such as circular economy
scenarios, trade disruptions or technology shifts, it is possible to assess supply
systemic responses.

7. Interpret results and identify key interdependencies.

In summary, MRIO analysis captures the economic interconnections between sectors and
regions, linking production, trade, and value creation across the economy. By tracing both
direct and indirect effects of final demand, it enables the assessment of interindustry
dependencies and the systemic impacts of policy or market changes. However, despite
advances in waste and physical input-output, MRIO lacks the granularity and flexibility
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of MFA for analysing specific materials or sectors, as it does not explicitly account for
stocks, only gross capital formation can approximate them, and remains a static
representation of the economy.
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Appendix IV — MFA model implementation

The foundation of a stock driven MFA is clearly the fleet information. The more accurate
and detailed the more the precise results the model will be able to generate. Unluckily the
only official data about aircraft in the EU are supplied by Eurostat under the definition
“Commercial aircraft fleet by aircraft category and country of registration” (Table 10.
Commercial aircraft fleet by aircraft category and country of registration (Eurostat)). The
registration status is a legal definition that can be easily circumvent by deregistering
temporarily an airplane and therefore pay less taxes by not occupying capacity of airports.
During Covid this became a normal procedure by airliners and therefore there is an
artificial drop in the fleet that just after surged back to pre-pandemic levels. Assuming it
to be real would be that in four years around 1500 new aircraft, with new titanium
inflows, would be added to the stock, which is not a realistic assumption.

Table 10. Commercial aircraft fleet by aircraft category and country of registration (Eurostat)

Observed Modified

Year
fleet fleet
2000 4274
2001 4200
2002 4336
2003 4420
2004 4561
2005 4776
2006 5069
2007 5398
2008 5474
2009 5460
2010 5465
2011 5505
2012 5377
2013 5241
2014 5270
2015 5219
2016 5389
2017 5566
2018 5865
2019 5958 5958
2020 4638 6017
2021 5473 6076
2022 5723 6135

2023 6196 6196
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Appendix V — MRIO model implementation

Step 1. Identifying the parent sector

The static titanium metal flow analysis in the EU provides the foundation for identifying
relevant materials, sectors, and regions involved in supplying to or demanding from the
new industry. Four countries, namely United States, China, Japan, and the Russian
Federation, represent the EU’s principal trading partners for titanium, while all others
were aggregated into a “Rest of the World” (RoW) region.

By comparing sectoral classifications from Eurostat PRODCOM Nace code, UN Comtrade
HS Code, and EXIOBASE, it was determined that the existing sector “Other Non-Ferrous
Metal Production” encompasses the melting, fabrication, and manufacturing stages of
titanium (Appendix II - Table 11). This sector was therefore selected as the parent from

which the new one would be derived.

Step 1.1. Aggregation of sectors and regions

For ease of computation and interpretation, the original EXIOBASE tables were reduced
to 31 sectors through the aggregation of industries only loosely connected to titanium
production and use. Regional data were similarly aggregated according to the system
boundaries defined above. The factors of production were consolidated under a single
Value Added category, while the seven components of final demand were retained in their

original form to preserve the detail needed for scenario analysis.

Step 2. Estimating titanium’s market share in the parent sector

To split the parent sector, the market share of titanium within “Other Non-Ferrous Metal
Production” had to be estimated. Based on various sources, wrought titanium typically
sells for between €20 and €60 per kilogram (EUROSTAT, 2025; ISE, 2019; Pakshal Steel,
2025). Adopting the conservative estimate of €20/kg and multiplying it by the global
titanium metal consumption of 188 kt (Buesa et al., 2025), the total market value of
titanium was derived. When divided by the total output value of the parent sector,
titanium represents approximately 3% of its total market share. This proportion was used
to scale the new industry relative to its parent.

Step 3. Constructing the new sector

As explained in section 3.1.2, in an 10 framework, each sector can be interpreted both as
a consumer of inputs (column) and as a supplier of outputs (row). Using the MARIO
package for Python, the matrix was augmented by adding the new sector to both
dimensions. As an initial approximation, 3% of the parent sector’s column and row values
were used to define the total input and output of the new industry. These values served

as a baseline for refinement based on empirical trade and process data.
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A key challenge in filling the monetary flows arises from differences in price conventions
between databases. While 10 tables use basic prices, the amount received by producers,
excluding taxes and margins, trade databases such as PRODCOM or Comtrade report
values in purchaser prices, which include transport, trade margins, and taxes. Therefore,
direct transfer of values between the two systems would distort the economic
relationships. To align them, trade data were converted to basic prices using national
accounts and assumptions derived from supply-use tables. Where direct data were
unavailable, proxy adjustments were introduced to approximate these conversions.

It should also be noted that an exhaustive representation of the titanium supply chain
would require additional augmentations. Appendix II - Table 12 shows the classification
of the industries that demand titanium metal. For instance, “Other Transport Equipment”
sector includes both civil aviation and defence applications. However, given the marginal
improvement relative to the data and computational effort required, this sector was left
aggregated and used as a proxy for titanium demand in aviation.

Step 3.1. Supplying industries

Each sector’s inputs can be interpreted as a “recipe” defining its production structure.
Based on the Ecoinvent 3.1.1 under the item “titanium production - GLO - titanium”, one
kilogram of titanium metal is produced from one kilogram of titanium sponge and one
kilowatt-hour of electricity. Accordingly, the new industry was assumed to receive inputs
from only two suppliers: “Electricity Production” and “Other Non-Ferrous Metal
Production.”

The construction process followed a structured sequence. First, total production of the
new sector was fixed at 3% of the parent sector’s total output. Value added was held
constant. Trade data from UN Comtrade provided the physical volumes of wrought
titanium traded between regions and produced within the EU, as determined by the MFA.
These were converted into electricity requirements using the Ecoinvent recipe and then
valued using average industrial electricity prices (World Bank, 2019). The remaining
share of inputs was allocated among supplying regions proportionally to their trade
shares. The resulting flows were normalised into input coefficients.

Step 3.2. Demanding industries

On the output side, only four industries were identified as significant users of
manufactured titanium, primarily civil aviation, industrial machinery, defence, and
medical equipment. The construction of demand flows followed the same logic. Total
production of the new sector was fixed at 3% of its parent, with final demand initially set
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to zero as only interindustry demand was recorded. Regional trade ratios from UN

Comtrade and MFA results were used to allocate output among the relevant industries.

These distributions were then converted into output coefficients.

Step 3.3. Satellite accounts

Given the objectives of this research, employment was the only satellite account included.

In the absence of disaggregated data, employment coefficients for the new titanium

industry were assumed equal to those of “Other Non-Ferrous Metal Production.”

Step 4. Matrix calculations?

multipliers.

coefficients, final demand).

Define Leontief inverse (L = (I - A)™'), value added, and employment

Include treatment of titanium sector using data derived from MFA (technical

Table 11. Unified nomenclature for inflows to Manufacturing of titanium metal

) Augmented
Inflows Nace code HS code Exiobase .
Exiobase
07.29.19.30 42614 - Titanium oresMining of othenMining of othen
Ti ores Titanium ores andand concentrates non-ferrous metalnon-ferrous metal
concentrates ores andpores and,
concentrates concentrates
TiO2 20.12.11.10 2823 - Titanium|Chemicals Chemicals
Titanium oxides [oxides
Ti sponge [24.45.30.43 810820 - Titanium|Other non-ferrousOther non-ferrous
Tiingot ([Titanium andunwrought metal production |metal production
articles  thereof810890 - Titanium Manufacturing of
Ti metal |(excluding wasteother than titanium metal
and scrap) unwrought
38.32.20.00 -Metal810830 - TitaniumlRe-processing ofRe-processing  of]
Ti scrap secondary rawwaste and scrap secondary otherisecondary  other
materials non-ferrous non-ferrous metals
metals
Table 12. Unified nomenclature for outflows from Manufacturing of titanium metal
Outflows Nace code HS code Exiobase Aug.mented
Exiobase
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Civil aerospace

30.03 - Manufacture
of air and spacecraft
and related
machinery

8802 - Aircraft,
spacecraft, and parts
thereof

Manufacture of
other transport
equipment

Manufacture of
other transport
equipment

Industrial
applications

28.99 - Manufacture
of other special
purpose machnery

8479 - Industrial
robots, not
elsewhere specified
or included

Manufacture of
machinery and
equipment

Manufacture of
machinery and
equipment

Military
applications

30.04 - Military
fighting vehicles

8710 - Tanks and

other armoured

fighting vehicles,
motorised,

Manufacture of
other transport
equipment

Manufacture of
other transport
equipment

Consumer goods

32.50 - Manufacture
of medical and
dental instruments
and supplies

9031 - Orthopaedic

appliances.

Manufacture of
medical, precision
and optical

instruments

Manufacture of
medical, precision
and optical

instruments

8802 - Aircraft,

Manufacture of

aircraft engines

Air transport | 51.1 - Air transport )
) ) spacecraft, and parts| other transport Air transport
operations services .
thereof equipment
Supporting and
) 33.16.10 - Repair . auxiliary Supporting and
Maintenance, ] 8802 - Aircraft, .
] and maintenance of transport auxiliary transport
Repair and o spacecraft, and parts o o o
civil aircraft and activities; activities; activities
Overhaul thereof

activities of travel
agencies

of travel agencies
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