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Abstract: This study investigates the dynamic relationship between economic expamesisared bross Domestic Product

at Purchasing Power Pari@DP at PPP) and transperélated carbolioxide (CO;) emissionsn Hungary over the period
20002023. Using the Julia 1.10 programming language for-pigfiormance statistical processing, the research employs

a threetier methodology comprising Augmented Dickeyller (ADF) unit root testing, the Tapio elasticity framework, and
Pearson correln analysis of growth rates. The empirical results reveal that although absolute levels of GDP and emissions
are nonstationary, their yearly growth rates are statistically independen®(17,p > 0.05), suggesting a significant break

in the traditional carbegrowth nexus. The Tapio analysis identifies a prolon&tdong Decouplingphase from 2008 to

2013, followed by a return to efficienariven decoupling in 2023. These findings suggest that structural improvements and
technological advancements have increasingly superseded economic volume as the primary drivers of trasgpust emis

Keywords
transport emissions; economic growflapiodecoupling Julia Languagdjme-series analysis; sustainable mobility; carbon
intensity

1. Introduction

The transport sector remains one of the most significant contributors to global greenhouse gas (GHG) emissions
accounting for approximately 24% of direct g&nissions from fuel combustiomorldwide (Abastante et al., 2019; Pana
Tronca, 2025)Unlike the industrial or power sectors, which have seen a steady shift toward electrification and renewable
integration, the transport sector is traditionally charastdrby *arbon lockin " due to its heavy reliance on liquid fossil
fuels and growing demand for mobility in expanding econorfAégamiand 7 | U | RD24; 2025)

In the pursuit of sustainable development, the concepti@foupling +the ability of an economy to grow without a
proportional increase in environmental presstinas become a central pillar of climate policy. For emerging and developed
economies alike, the primary challenge is to achi®teong Decoupling where economic output (GDP) continues to rise
while absolute emissions decline. Understanding the historical relationship between GDP, energy consumptierinand CO
the transport sector is crucial for designing policies that do not hinder economic growth while meeting the Paris Agreement
target *yPH] %RQLOOD ;%0)DREYWMUD O

The theoretical foundation of this study is rooted in the Environmental Kuznets Curve (EKC) hypothesippaitsciin
invertedU relationship between economic development and environmental degra@atergis, 2016) According to this
theory, environmental pressure increases during the initial stages of indssgtoalbut declines once a specific per capita
income threshold is reached, as society shifts toward sesvieeted economies and cleaner technologies. However,
applyingEKC to the transportation sector has proven problenfaticODPL D QG 7 |.Whhke the manufacturing or
energy sectors, where centsalil technological shifts can rapidly lower emissions, transportation is deceatiatid highly
sensitive to individual consumer behawioConsequently, empirical studies often repoteecoupling” effect, where rising
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disposable incomes lead to increased private vehicle ownership and a surge in freight logistics demand, effectively
neutralsing efficiency gaingCautisanuandHatmanuy 2023)

To address the limitations of the EMCoversimplified growth-leadsto-improvement narrative Tapio (2005) introduced

a more granular framework based on voldnased elasticity. While traditional correlation coefficients only measure the
strength of a linear relationship, the Tapio elasticity inf»provides a dynamic measure of how emissions respond to
economic shifts, independent of the chosen baselygao (2005) This framework categaes the decoupling relationship

into eight distinct logical states: strong decoupling, weak decoupling, expansive coupling, expansive negative decoupling,
strong negative decoupling, weak negative decoupling, recessive coupling, and recessive decoupling.

This multdimensional approach is particularly valuable for analysing the transport sector, as it can capture the high volatility
of annualenergy consumption and policy shifts. Recent scholarship haeditilie Tapio framework to highlight a growing
geographical divide in transport efficiency. For instadelami and T| UK (2025)observed that several European nations

have successfully achieve®trong Decoupling through aggressive carbon taxes and the promotion of intermodal rail
transporiHuang et al., 200)9Conversely, research IBai et al. (2016pn emerging economies in Asia and Africa indicates

a persistent state GExpansive Coupling,in which infrastructure expansion remains a prerequisite for economic survival,
thereby keeping growth and pollution clbsknked. Furthermore, Sorredind Dimitropoulog2008) argue that even when
decoupling appears to occutrgbound effectsiwhere efficiency makes transport cheaper and thus more fregicamt

trigger a return to coupling, a phenomenon the Tapio index is uniquely equipped to identify through its sensitivity to annual
elasticity fluctuation$SorrellandDimitropoulos (2008).

By moving beyond the binar§coupled vs. decouplédiew, the Tapio framework allows this study to pinpoint specific
¥ebound yearsin the 20002023 dataset, providing a critical diagnostic tool for assessing whether recent transport policies
are producing structural shifts or merely temporary environmangabvements
BHFHQW GHFRXSOLQJ VWXGLHYVY RQ WKH WUDQVSRUW VHFWRU KDYH PDLQ
RIWHQ XVLQJ UHODWLYHO\ VLPSOH UH JAlis¢¥, VasBallo, RR EMAQY b R&3e QepEds) &itieéD W L F
ignore formal unit root testing or fail to adjust their methods when GDP and emissions are integrated, thereby overstating
the strength of the carbagrowth link (Foster et al., 2023Moreover, there is limited worlH[DPLQLQJ +XQJDU\TV \
sector over the full 2008 SHULRG H[SOLFLWO\ FRYHULQJ ERWK WKH lus@dP QFLD
HODVWLFLW\)EDVHG GHFRXSOLQJ LQGLFDWRUV 7KLV VWXG\ DGGUHVVHYV '
analysis, angirowth rate correlatio. Q D KLJK)SHUIRUPDQFH -XOLD HQYLURQPHQW WR SU
ZKHWKHU WUD Q Yepiissions)ib Huadany ae de@oupled from economic growth

Despite the wealth of research, there is a lack of concise, statistically validated studies focusing on#£922@@biod,
which includes the 2008 financial crisis and the 2020 COY®pandemic. This paper fills that gap by using Julia 1.10 to
analyse 24 years of transport data for Hungary. We seek to answer two primary questions:

1. Has the transport sector achieved a state of strong decoupling in the last two decades?

2. Is there a statistically significant causal link between economic growth and transport emissions when growth rates
are analged?

By focusing on statistically validated growth rates and Tapio decoupling states rather than raw levels, the studyrcorrects fo
non-stationarity and provides clearer evidence on whether observed trends in Hungary reflect genuine structural decouplin
or temporary, shocHriven effects

2. Methodology

This study employs a threger analytical framework to investigate the nexus between economic gnoeabured by Gross Domestic
Product at Purchasing Power Pa(@DP at PPP) and transperelated CQ emissions from 2000 to 2023. All computational procedures
were performed using Julia 1.10 for higerformance statistical processing.

X Stationarity Analysis: To ensure the validity of the tireeries data and avoid spurious correlations, the Augmented Bickey
Fuller (ADF) test wasised to test foanit roots in the variables.

X Decoupling Framework: We adopted the Tapio Elasticifg) model, which classifies the relationship between GDP growth
(¢)) and emission growtly) into eight logical states:
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X Dependency TestingGiven the norstationaity of the variables, a Pearson Correlation analysis of thediifsrenced growth
rates was used to asséss strength of the coupling between economic expansion and environmental impact.

3. Results anddiscussion

Time-series diagnosticststationarity and integration

Before analging the decoupling relationship, it was necessary to establish the statistical properties of the variables. The Augmented
Dickey-Fuller (ADF) test results (Table 1) indicate that the levels of GDP PPP and tramdamd CQ emissions are nestationary

(p> 0.05%). The point estimate for GDP (0.107) and G@257) suggests that both series exhibit a stochastic trendaordom walk,

which is typical of macroeconomic indicators.

Table 1 Augmented DickeyFuller (ADF) Unit Root Testesults(atlevely

9DULDEO $') 6WDWLV SYDOXH &ULW 9D &ULW &ULW S5HVXOW +
9DOXH 9DOXH

7TUDQVSR )DLO WR 5H

**3 333 )DLO WR 5H

Failure to reject the null hypothesisdjibf a unit root implies that a direct regression on levels is likely to yield spurious
results. Consequently, this study uses first differences (yearly growth rates) for all subsequent analyses, as differencin
effectively transforms the data into an Hationary process, ensuring mathematicaluigo the decoupling index.

Decouplinganalysis tthe Tapio Elasticity framework

The longitudinal analysis (2062023) reveals a dynamic shift in the environmeertadnomic nexus of the transport sector.
As illustrated in the Tapio Quadrant Plot (Figure 1), the observations are predominantly clusteredSimoting and
IVeak” decoupling zones.

Tapio Decoupling Quadrants (2000-2023)
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Figure 1. The decoupling quadrants (2a2023)

Table 2 Summary ofdecoupling epochs in the transport sector

(SRFK_5HSUHVHQWDWL 'RPLODQW 6 (QOYLURQPHQWDO ,PSOLFDWLRQ
+ (4S QAQIs 'HDN "HER X LP{;\S\(/QLVRL%ELQFUHDVHG EXW UHPDLQHG GHFRX
$EVROXWH 'HFRXSOLQJ (PLVVLRQV GHFUHDVF

I+

Fsdz QAQFrix 6WURQJ 'HF

JURZWK
* rit QAQuay 1HIDWLYH : -I'_-EJK YRODWLO LW H EFRXIQCHAKRHARWNWPLVVLRQV R
* FsiitQAQsHT 6WURQJ &R: 7TUDQVLWLRQ SKDVH LQFOXGHKKRANHCHIBRIWRR

HIILFLHQF\
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The most significant finding ithe Decoupling Streak(20082013).During this window, the elasticity values remained
consistently negative (e.g:0.83 in 2010), representing ¥old Standard of environmental performance in which the
transport sectd$ carbon footprint shrank as the economy expanded. This suggests a period of successful structural chang
or highimpact policy implementatian

Table 3 Tapio Decouplingnalysis result20002023)

<HD *'3 333 &2 OW (ODVWL 'HFRXSOLQJ 6WDW
+ %DVH <HDU

‘HDN '"HFRXSOLQJ
‘HDN '"HFRXSOLQJ
‘HDN '"HFRXSOLQJ
‘HDN '"HFRXSOLQJ
‘HDN '"HFRXSOLQJ
‘HDN 'HFRXSOLQJ
'HDN '"HFRXSOLQJ
BWURQJ '"HFRXSOL(
6WURQJ '"HFRXSOL(
BWURQJ '"HFRXSOL(
BWURQJ '"HFRXSOL(
6WURQJ '"HFRXSOL(
BWURQJ '"HFRXSOL(
([SDQVLYH 1HJDWL
([SDQVLYH &RXSOL
'HDN '"HFRXSOLQJ
'HDN '"HFRXSOLQJ
‘HDN 'HFRXSOLQJ
([SDQVLYH 1HJDWL
BWURQJ '"HFRXSOL(
([SDQVLYH &RXSOL
([SDQVLYH &RXSOL
FWURQJ '"HFRXSOL(

Discussion tstatistical evidence of independence
The core of our discussion liestime Correlation Analysis. While the absolute values of the variables trend upward together,

the correlation between their yearly growth rates is remarkablyrlewd(1705p = 0.4366).

In traditional oupled” economies, the-palue would be near zero, indicating that a 1% increase in GDP gréavties”

a specific % increase in GOHowever, our resultp(> 0.05) fails to show a significant relationship. This is a critical
discovery: it proves that economic growth is no longer the primary driver of transport emissiondndémendencé
suggests that other variabletkely technological advancements in fuel efficiency, the adoption of electric vehicles (EVS),
or shifts in logistics managementhave become the dominant factors influencing the carbon trajectory Stheng
Decoupling” observed in 2023-Q.895) furtherreinforces the conclusion that tisector is entering a mature phase of
environmental transition, in which growth and pollution are no lorftlpeked” together.

4. Conclusion
This study provides empirical evidence that the transport sector has successfully initiated a transition towasadteiow

economy. Through a rigorous analysis in Julia 1.10, we have demonstrated that:

1. Macro-trends are deceptive:While raw data shows simultaneous growth in GDP ang, @@ growth rates are
statistically independenp & 0.43), signHing a break in the traditional carbamowth link.

2. Decoupling is nonlinear: The transition is not a smooth line but a series of shifts, with the 2008 and 2023
periods representing peak environmental efficiency.

3. Policy overvolume: Since economic expansion does not statisticeiijuse increases in emissions in this dataset,
carbonmitigation strategies should focus on Intensity (emissions per unit of transport) and Energy Mix rather than
imposng caps on economic mobility.

Future research should focus on tfirRebound Years(2014 and 2019) to identify the specific economic shocks or policy
lapses that caused temporary expansive negative decoupling, ensuring that future progress remains stable and resilient.
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Abstract

7KLY VWXG\ DLPVY WR HYDOXDWH WKH UROH RI PRGDO VKLIW DQG LQWH
climate policy objectives, with a particular focus on the competitiveness and development of rail freight transport in
Hungary. The reseeh addresses the gap between policy ambitions for sustainable transport and the persistent dominance
of road freightThe methodology is based on a structured literature review and secondary data analysis, drawing on Europeal
Union policy documents, Eurostat transport statistics, and national datasets. Comparative trend analysis is applied to asse
changes in modal splét both the EU and Hungarian levels, while a qualitative assessment is used to identify the key
structural, economic, and technological factors influencing the competitiveness of rail and intermodal tfEmspesults
show that despite strong policy support, the share of rail freight transport has stagnated or slightly declined across th
European Union, while road transport continues to dominate. In Hungary, similar patterns are observed, with raihgaintain
a stable but limited market share. The findings identify infrastructure limitations, interoperability barriers, capacity
constraints, and cost disadvantages as the primary factors hindering rail competitiveness. At the same time, intermoda
transport s demonstrated significant growth, indicating its potential as a more feasible pathway toward sustainable freight
systems than a pure modal shifhe study concludes that achieving climate objectives in the transport sector requires
integrated policy measures, targeted infrastructure investments, and the accelerated development of intermodal solutior
supported by digitalisation. Strengthening fadight and intermodality is essential for reducing emissions and enhancing
+XQJDU\YVY UROH LQ (XURSHDQ ORJLVWLFV QHWZRUNYV

Keywords
modal shift, intermodality, rail freight transport, sustainable transport, competitiveness
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1 Introduction

One of the most complex and defining challenges of-@4stury policy is balancing economic growth wilte radical
reduction ofenvironmental impact. In the European Union, achieving climate policy goals and sustaining economic
expansion go hand in hand with decoupling growth from greenhoug&b#3) emissions. Thanks to coordinated policy
measures to date, total net greenhouse gas emissions in EU countries in 2022 were 32.5% lower than in 1990, while econon
output grew by 67%. Transport is a key sector of the European @§recnnomy and plays a crucial role in to§ayobile
society. Transport and mobility are also central to sustainable development. Sustainable transport can foster economi
growth and improve accessibility while respecting the environment and enhancing the resilience of cities, connections
between upan and rural areas, and the productivity of rural regions. The goal of EU transport policy is to promote clean,
safe, and efficient transport, underpinning the internal market for goods and cftigahso free movement within the EU
(European Commission, 2024).

In the member states of the European Union, the transportation sector is one of the most significant sources of pollution
and little progress has been made in reducing emissions over the past decades. This sector is responsible for nearly a qua
of greenhouse gas emissions (Filibawidowicz et al., 2022). Despite efforts such as promoting the adoption of electric
vehicles and encouraging the use ofdocavbon fuels, transportation emissions have decreased only slightly since 2005, and
the temporary déine in 2020 was due to the COVADD pandemic. At the same time, it is important to note that, based on
current research, policy decisions, and measures, greenhouse gas emissions from transport are expected to reach 1990 le
by 2030. With additional meares, these emissions would be 13% lower than 1990 levels (EEA, 2025). Most of the policies
and measures planned for the transportation sector focus on promotitgrinon fuels or zeremission technologies

5R G U tahdBt]gado, 2019).

Within the transportation sector, road transport plays the most critical role, as the majority of emissions are generated b
heavyduty vehicles and passenger cars. Road traffic accounted for 71.1% of EU membé&rateesrt GHG emissions
in 2019, while the rail sector contributed a negligible Q.48avyduty truck traffic accounts for #.5% of CQ emissions
LQ (8 PHPEHU VW DaMdDeélgaad® a0l9)J Rike]to deepening gloetion, the internationadation of supply
chains, and the explosive growth eé@mmerce, the volume of road traffic is expanding year by year. However, this process
is unsustainable in the long term, asréates increasingly severe economic and social tensiorenaixdnmental damage.

In addition to environmental issues, the physical saturation of road infrastructure is becoming an increasingly significant
obstacle. Recurring traffic congestion on trwgopean transport corridors directly impacts logistics efficiency: delivery
times lecome unpredictable, and waiting times increase, resulting in high additional costs for manufacturing and service
companies. Additional externalities include hidden costs in road transport systems that are not paid directly by the carrier
the client, btiare borne by society as a whole. These include the costs of rescue and rehabilitation following traffic accidents,
the decline in property values caused by noise pollution, the health effects of air pollution, and accelerated depreciatior
resulting fromincreased use of the road network. Together, these factors necessitate a fundamental restructuring of
transportation systems (Vida et al., 2023).

The European Unio response to this crisis is the concep#obdal shift, which is a central element of the European
Union $ medium and longterm transport policy visions, the European Green Deal, the Sustainable and Smart Mobility
Strategy, and the objectives of the THNetwork policy (Zani et al., 2025). Tl&reen DealFetting,2020).promotes a
clean economic transition that serves environmental sustainability, economic stability, and social justice alike. In recent
years, there have been significant shifts toward environmentally friendly modes of transport, primarily toward railway
developmentRail freight transport has a strategic advantage in the modal shift, as its specific energy consumption and CO
emissions are much lower than those of road transport (European Commission, By2@&ctrifying its network
infrastructure, rail can achieve the fastest decarbonisation, thplajing a key role in helping the EU achieve climate
neutrality by 2050. A tangible result of this recognition is that the Sustainable and Smart Mobility Strategy alsoatkesrly st
that a significant portion of road freight transport over distancesetotigan 300 kilomeés must be shifted to more
environmentally friendly modes, primarily rail and inland waterway transport. On this end, the directive has set as a key
objective a 50% increase in rail freight transport capacity by 2030, followed by a doubling of that dapa6&g in order
to achieve climate neutrality, as well as the integration of key seaports into rail and inland waterway networks (European
Commission, 2020b).
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This is why theDrive to 55%!package of measures adopted in the transport sector is of particular significance; itimposes
a legal obligation on Member States and is expected to reduce EU emissions by 55% by 2030 (European Council, 2023
This legal framework encompasses variousnetdgical solutiongo create efficient, interconnected multimodal transport
systems in both passenger and freight transport sectors, en&airgions in emissions of nearly 80% by 2040 compared
to 2015 (European Commission, 202Bhe EU$ shorteiterm climate policy goal, set in 2024 and to be achieved by 2040,
brings the readation of decarbosation in the EU into clearer focus, proposing a 90% net reduction in GHG emissions
relative to 1990 levels. As an important step toward this, it identifies, among other things, the increaatdnudifi rail
infrastructure capacity, the greater expansion of rail transport, and the development of an efficient and integratedimultimod
passenger and freight transport system supported by theBuaogean multimodal transport network, which cotlereby
contribute significantly to reducing total emissioDgcarborging transportation requires significant investments across all
transport sectorgin zero and lowemission vehicles, rail equipment, and electrified infrastructiusdich also necessitates
innovative EU financing instruments. As a result of these investments, the reductiop @mn{38ions from road transport
is expected to accelerate over time, in parallel with the growth of rail trangmtlitionally, the share of batterglectric
and other zer@mission vehicles in the road sector is projected to exceed 40% for light commercial vehicles and approach
40% for heavyduty vehicles (European Commission, 2024).

Given that external costs of road freight transport will need to be intexdati the futured.g., through tolls andarbon
taxes), this is likely to provide a natural competitive advantage for more environmentally friendly transport solutions. Base
on the above, while road freight transport can be made greener in the long term through consistent measures, a mo|
achievable neaterm goal is a modal shift through the development of rail and intermodal infrastrdtigretudy aims to
HYDOXDWH WKH UROH RI PRGDO VKLIW DQG LQWHUPRGDOLW\ LQ DFKLHY L
with a particular focus on the competitiveness and development of rail freight transport in Hungary. Thie aekasses
the gap between policy ambitions for sustainable transport and the persistent dominance of roa@ifeeigathodology
is based on a structured literature review and secondary data analysis, drawing on European Union policy document:
Eurostat transport statistics, and national datasets. Comparative trend analysis is applied to assess changes imtmodal spli
both the EU and Hungarian levels, while a qualitative assessment is used to identify the key structural, economic, anc
technological factors influencing the competitiveness of rail and intermodal transport.

2 Therole, limitations and development trends of rail freight transport

This study applies a mixed qualitati¥piantitative research design to analyse the role of modal shift and intermodality
in the context of European Union transport and climate policy objectives, with a specific focus on Hungary. The
methodological approacltombines secondary data analysis, comparative trend evaluation, and qualitative policy
assessment.

The empirical basis of the study relies on secondary data obtained from international and national statistical and
institutional sources. The primary datasets include Eurostat freight transport statistics, particularly modal splitsindicator
expressed inonnekilometres, as well as publications from the European Union Agency for Railways (ERA) and the
European Environment Agency (EEA). These datasets provide consistent time series for analysing changes in the
distribution of freight transport modes acrdakge European Union over the period 2@2024. At the national level,
Hungarian freight transport data were incorporated to examine domestic trends and to position Hungary within the broade
European context. Additional sectspecific data were drawn fromrofessional organisations and industry reports,
including publications related to intermodal transport development and logistics performance in Hungary.

The analytical methodology is based on comparative trend analysis. First, temporal changes in modal shares of road, ra
inland waterway, maritime, and air transport were examined at both EU and national levels. This allowed the identification
of long-term structural patterns and deviations from policy targets. Second, a comparative assessment was conducte
between rail and road freight transport to evaluate their relative competitiveness. This assessment considered key dimensio
such as infrastructure aWability, operational flexibility, cost structures, capacity constraints, and service reliability.

In addition to the quantitative analysis, a qualitative evaluation framework was applied to interpret the underlying drivers
of observed trends. This includes the examination of policy documents such as the European Green Deal, the Sustainak
and Smart Mbility Strategy, and the TEN framework, as well as regulatory initiatives related to digitalisation (e.g. eFTI
and ERTMS systems). The qualitative analysis focuses on identifying structural barriers to rail freight development,
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including interoperability limitations, fragmented infrastructure systems, and regulatory inconsistencies across Member
States.

Finally, the study integrates a casgented perspective on Hungary by analysing national logistics strategies,
infrastructure conditions, and intermodal development trends. This approach enables the identification e$pecifitry
challenges and oppW XQLWLHY SDUWLFXODUO\ LQ UHODWLRQ WR +XQJDU\YV UR
transport networks.

Overall, the methodological framework allows for a comprehensive assessment of both statistical trends and structura
determinants, thereby linking empirical observations with pealagvant conclusions on modal shift and intermodditig.
role of rail freight transport is undeniable from both sustainable transport and economic growth perspectives, patticularly i
thelight of carbonneutrality goals. Rail is the most energfficient mode of transport, thanksttee low rolling resistance
and its ability to meet the transportation needs of the most significant sectors of the national economy in large vhlumes wit
a low environmental impact. However, the downside of this efficiency is that, due tetrf@ddtranspogtion, trains can
only operate in geographic locations where railway tracks have already been built. Track capacity can also be reduced b
other trains operating on the same track, especially if there is no eoaditenfrastructure. Another structurarstraint of
rail is the relatively high fixed costs of equipment and operations, which require a high levelsafiarilto be covered
(Ficzere, 2023).

The rail freight markehas shrunk significantly in recent decade&urope partly due to a lack of interoperabilitsthat
is, the lack ofensuring mutual compatibility, which requires removing existing technical, administrative, and legal barriers
across member states and enhancing railway sdfiety deficiencyhas prevented rail freight services from offering reliable
service and led to issues such as service quality, congestion on certain networks, and local bottlenecks. The raitsector, wh
is subject to global trends in freight transport, offers higlume, secure transport solutions to market participants; however,
its reliability, punctuality, and flexibility lag behind those of freight market operators offering road transport s&aites.
transport services still face a significant disadvantage cadparthe road transport market in terms of competitiveness and
costeffectiveness. Overcoming this competitive disadvantage is particularly important because freight transport trends
across Europetand thus irHungaryas well tincreasingly call for the development of combined transport services and
integration into intermodal transport chains as green, sustainable logistics systems. This requires an appropriate suppo
system that encourages a modal sk#fpecifically in the rail transport sector and through intermodal solutiaieng with
the conceptual development of infrastructure, terminals, and rolling stock, and the expansion of track capacity (Bucsky,
2021).

In response to growing economic demands on rail services and the need ftu-door mobility, the EU has identified
the creation of a Single European Railway Area as a key objective. One of the fundamental prerequisites for this is
interoperability From both competitiveness and sustainability perspectives, new information technologies will play a key
role in future railway development. The digétiion of rail freight transport helps reduce administrative costs for economic
operators, improves the enforcement capacity of competent authorities, and enhances the efficiency and sustainability c
transport. Both economic operators and authorities naks&t measures to facilitate the electronic exchange of freight
transport information (eFTI) via information and communication technology {I8a3ed platforms (eFTI platforms). The
introduction of electronic transport documentation and digital trafficagament systems (ERTMS) is now a key factor in
competitiveness. Given the importance of a rapid;tiga flow of information for the electronic planning of conventional
and intermodal rail routes, the tracking of rail shipments, the preparation of t@ctnarssport documentation, and the
reduction of administrative burdens, the mandatory implementation of such a system within tfeifffEdtructure (e
freight) is being encouraged (Official Journal of the European Union, 2020).

2.1Freight transport trends in Europe

In terms of the rail transport sec$ishare of the freight transport market, there has been no significant change over the
past decade, either in the European Union or in Hungary, despite targeted policy interventions. THeskactom EU
member states averaged 18.22% between 2010 and 2022 (ERA, 2024). The policy goal of a 30% modal share for rail freigt
transporttand the expectation that, to achieve this, rail freight must double, and rail traffic must triple by 2050 compared
to 2015 levelstis also not realistically on the verge of being achieved.
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An analysis of freight transport distribution by mode reveals that, over the past decade, maritime transport accounted fol
the largest share of freight transport performance in the European Union membetasatesasured by tae-kilometres
travdled +tamong the five modes. Figure 1 shows that the share of maritime freight transport reached its lowest point of the
decade in 2024, at 67% (4,753 billion t#m), after five consecutive years of decline. Over the past decade, maritime freight
transport reacdd its highest share in 2014 and 2015, at 69.5%. Compared to 2014, the share of maritime transport was 2.!
percentage points lower in 2024 (Eurostat, 2026b).
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Figure 1. Breakdown of freight transport by mode in the EU, 22024 (Eurostat2026b)

The share of road freight transport in the §ltbtal freight transport volume peaked at 25.7% in 2024, reaching 1,821
billion ton-kilometres, up 0.4 percentage points fr@823. During the 201£024 period, the share of road freight transport
reached its lowest level in 2014, at 22.4%. The share of rail freight transport remained stable during the same period, witl
minimal volatility. The highest value was recorded in 2(t65.0%, while the lowest was in 2020, at 5.3%. In 2024, the
share decreased by 1.1 percentage points compared to 2023 (5.4% or 385 bilion). tdhe share of inland waterway
transport in total freight transport performance also remained relativele staring the period under review. It peaked at
2.2% in 2014. By 2018, the share had fallen to 1.7%. The share of air freight transport remained at 0.2% during the perioc
in question (Eurostat, 2026a).

The share of road transport was highest in Luxembourg in 2024 (84.4%), followed by the Czech Republic (78.0%) and
Hungary (68.8%). The share of rail transport was highest in Austria (30%), followed by Slovakia (29.8%), Hungary (25.8%),
and the Czech Republ(21.1%). In 2024, the share of road freight transport in the EU increased by 3.3 percentage points
compared to 2014. When comparing the data from 2024 and 2014, the share of road freight transport in total freight transpol
performance decreased slighith 4 EU member states. In contrast, it increased significantly in the Baltic countries, Romania,
and Slovakia (Fig2). Looking at the last two reference years, the decline in the share of road freight transport was most
pronounced in Hungary, where it fell by 1.9 percentage points from 2023 to 2024 (Eurostat, 2026a).
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Figure 2. Share of road freight transport in total freight transport (Eurostat, 2026a)
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An analysis of trends in rail transport shares shows that, in 2024, the share of rail freight transport in EU member state:
decreased by 0.3 percentage points compared to 2014. Comparing the beginning and end of the period under review, tl
share of railtansport in total freight transport performance decreased in 17 countries, including EFTA member Switzerland
(Fig. 3) (Eurostat, 2026a).
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Figure 3. Share of rail freight transport in total freight transport (Eurostat, 2026a)

The largest decline was recorded in Lithuania, where the share fell from 58.2% in 2014 to 30.1% in 2024, and in Latvia,
where it dropped by 24.6 percentage points from 2014. A decline in rail traffsgitete was also noticeable in Slovakia,
the Czech Republic, and Romania. In contrast, the share of rail transport increased the most in Sweden, by +3.3 percenta
points, followed by Germany, by +2.0 percentage points. In the other countries, an intless¢han 1.1 percentage points
was recorded, or the share remained unchanged. Compared to 2023, the largest decline in 2024 washiit lperdarftage
points), followed by RomaniaZ.9 percentage points) and Lithuania.§ percentage points). the other countries, the
decline in rail freight transpoft share was less than 1 percentage point. In contrast, the largest increase was observed in
Hungary and Austria, with +0.9 percentage points in both countries. The remaining 7 EU countries recorded an increase o
0.6 percentage points or less (Eurostaggr).

2.2 Trends inHungarian domesticrail freight transport

From the perspective of rail freight transport in Hungary, the first decade of the 21st centarygwaamic growth,
which came to an end with the financial and economic crisis that peaked in 2009. The volume of freight transported declinec
until 2013, then began to grow again starting in 2014. Over the past decade and a half, domestic freightvslmsport
peaked in 2017, exceeding the 2010 level byfiftte The next crisis was caused by the pandemic, which resulted in a
significant decline in domestic freight volumes and the weight of goods transported. In Hungary, there has been no significan
shift in the distribution of freight modes; over the past decade and a half, the proportions have remained stable with minima
volatility. In 2024, rail freight transport, with a 20% share, remained second behind road tr§nspdio share (Fig).
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Figure 4. Breakdown of domestic freight transport by mode of transport (in tons, %)

According to rail freight data, transport volumes remained relatively stable throughout 20#2gtataund 50 million
tons annually. However, a significant decline was observed starting in 2023: the total volume of goods transported fell to
45.7 million tons. Domestic transport wiai$ particularly hargaccounting for only about 9 million tons by 2024, whereas
in 2014, 15 million tons of goods were still being moved via domestic rail. In 2024, international rail freight transport
accounted for 88% of the sec®total volume. From the end of 2021, the drastic rise in energy prices erodgdasil
advantage over road freight transport. In terms of traffic composition, export and transit traffic remained of decisive
importance. At the same time, import volumes declined, primarily due to a moderation in demand for raw materials and
energy. Traasit traffic remained significant at nearly 4 billion tomkilometres, accounting for nearly 43% of total
international traffic in 2024 (Fig. 5).

5000

&b
o u
8 8

3500
3 000

0 “ || |‘ |‘ || |‘ ‘l || ‘| |‘ || |‘ |‘ |‘ |‘

2010 2011 2012 2013 2014 2015 2016 2017 2018 2019 2020 2021 2022 2023 2024

Millions of goods tkm
B R NN
[=] wu [=] "
8 8 8 8

g

N International export performance M International import performance International transit performance

Figure 5. Volume of international rail freight traffic by direction in Hungary

Due to Hungang strategic geographical location, transit traffic plays a particularly significant role in international rail
traffic. Thanks to Hungar$ location at the intersection of the NSBE and SWANE transEuropean corridors, nearly one
third of the total weight of goods transported in international transit traffic passed through the country in 2024. Freight
transport volume in transit traffic in Hungary rose by a further 4.2% in 2024 compare@3ol2@023, Hungary ranked
third among EU member states in terms of rail transit traffic, behind Denmark and Slovakia.

2.3 A comparative analysis of competitiveness factors in rail and road transport
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It is worth examining trends in rail freight transport performance compared with the road transport sector, as the latter is
a competitor to rail freight. If we review how road and rail networks have developed over time, we arrive at a startling
realisation. Between 1960 and 2020, approximately 53,000 km of highways were built in Europe, while 55,500 km of railway
lines were dismantled. These figures clearly reflect European investment priorities .(Rith@)gh the total length of the
railway network exceeds that of highways in every region of Europe, it is significantly shorter than the total road network,
which includes more than just expressways (ERA, 2024).
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Figure 6. Changes in network length across four regions of Europe 2I88D(ERA, 2024)

In the ERA analysis covering 20 countries, the Northern Europe regimenmark, Norway, Sweden, and Finlagd
experienced the smallest decline in the length of its rail networks and also saw a slight increase in the extent of its roa
networks. Largescale railway line closures have occurred in the countries of the Eastern Europe region (Bulgaria, Poland,
Hungary,Romania, and the Czech Republic), where the expansion of the road network was negligible compared to the
number of railway lines discontinued. In the four Mediterranean countries of Southern Europe, as well as in Western Europe
(the Benelux countries, Geany, France, Austria, and EFTA member Switzerland), the development of road networks was
a priority for investment; as a result, the majority of road construction took place in these regions, while the majority of
railway line closures also occurred in Btern Europe.

The condition of the rail network, the extent of electrification, the $ligigesystems in place, and the level of maintenance
and moderrgation significantly impact the quality and speed of rail transport services. There are also significant differences
among European countries regarding these characteristics and the level of investment. In 2020, the top 5 countries (th
Benelux countries, /ance, and Austria) invested seven times more in track madgom than the bottom 5 countries,
including Hungary (ERA, 2024). Moreover, underfunding creates additional disadvantages, leading to temporary capacity
restrictions (TCR) and unavoidable disruptions in rail transport that cannot be adequately plarmean Téad to freight
traffic being diverted from rail to road, as happened in Hungary in 2025, when 17,000+8Bproximately 10,000
truckloads of goodstwere diverted to road transpotioffering more flexible servicetdue to unpredictable operations,
track closures, and traffic restrictions (MLSZKSZ, 2026).

The disadvantages arising from a lack of interoperability pose a major problem. A total of 148ocdessrail
connections in Europe are no longer operational, 119 of which have been identified as promising candidates for reactivatior
At the same timegven if a border crossing is actively in operation, technical barriers impose additional costs on railway
operators for actual crossings, and thus on the users of their services as well. The lack of interoperability poses a seriot
obstacle to economic delpment and hinders growth in the regional gross value added of 4.5% or more in certain border
regions (ERA, 2024).

From a technical standpoint, tl®iropeanrailway infrastructure is fragmented and complex, primarily due to four
different main track gauges, varying platform heights, four main electrification systems, numerous train safety systems, anc
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more than 170 different train control systems that do not comply withettlenical Specification for Interoperabili(y Sl).

In the future, this should be managed in a coordinated manner to reduce procurement and maintenance costs, as in cert;
cases, investments in and maintenance of railway infrastructure can cost up to ten times more than those for roa
infrastructure (ERA2024). The capacity allocation process further limits the net®gérformance. Track allocation has
traditionally been orgaséd under national jurisdiction, with countries determining priorities based on principles.
Furthermore, the standard track application and allocation process is lengthy, making rail freight services inflexible and
effectively creating an additional competé disadvantage. When examining the cost of rail and road freight transport, it
should also be noted that the energy crisis led to a significant rise in electricity prices, putting rail freight at a cost
disadvantage. The 2004 EU enlargement had a gigntfimpact on road freight transport services in the new member states.
The resulting competitiortparticularly in terms of costscontributed to road transport becoming relatively cheaper even
over longer distances.

ail and road freight transport compete under very different labour conditions. Rail relies on highly specialised staff. Train
drivers and operational personnel must complete long training and strict certification. They also need regular requalificatio
In international traffic, language requirements are demanding. Drivers often must use the official language of each nationa
network. This increases costs and reduces flexibility. In some cases, multiple drivers are needed foRoae€ trignsport
is much more flexible. Entry barriers are lower. Drivers mainly need a licence and a professional certificate. Training is
shorter and simpler. Language requirements are also less strict. Basic communication is usually sufficient. $his allow
companies to hire from a wider international workfor&s.a result, road transport can adjust faster to demand. Labour is
cheaper and easier to organise. Rail, despite its environmental benefits, remains less competitive due to stricter labol
constraint€Consequently, the stagnation in rail transffoghare can be partly attributed to its deteriorating cost position
relative to road transport. Legislators need to consider how to improve the cost competitiveness of rail and road freight
transport. This involves several areas, such as rail and roddtiregs (including the allocation of rail capacity and rules
governing driving and rest periods for truck drivers).

Rail freight transport is typically associated with the transport of-li@dbme bulk goods, such as coal; however, due to
sustainability requirements and deindustsation, demand for raw materials and energy sources has generally declined.
The decline of industry goes hand in hand with the disappearance of demand for rail transport from economic actors operatin
in heavy industry, the energgtensive chemical industr or the manufacturing sector. In contrast, the libgatitin of the
European road freight market has, on the one hand, led to greater competition, reducif@ndbstother hand, offered
much more flexible and reliable services to supply chain members striving to maintasmelkr inventories in jush-
time systems. These facts paint an unésable picture of the rail sector, making it difficult to achieve a modal shift. Due
to changes in demand for transport services, rail must adapt more flexibly to changing needs, and the success of modal sh
can be supported if the rail sector monitors tieeds of economic sectors. This will require further investment and policy
intervention to ensure that rail freight transport doubles by 2050 compared to the baseline (ERA, 2024).

Given current trends in freight transport, the demand for conts@gleshipping is growing. Industry orgaaiions believe
that intermodal transport can increase freight transport efficiency and that this segment will see the fastest growth in the
future. This requires investments across Europe in traction vehicles that meet the interoperability requireooeimsiset
technical specifications. Regarding the fleet of towed vehitlés,necessaryo procure wagon types capable of hauling
semitrailers, containers, and other intermodal loading units. At the same time, there is a need to expand intermodal terming
capacity, as current capacity is insufficient to handle expected traffic. The rapara sector, which has traditionally
specialged in the transport of bulk goods, is becoming an integral part of intermodal transport, a role it can fulfil only if the
infrastructure operates predictably and reliably.

3. Medium- and long-term development proposals in Hungary to promote modal shift and intermodality

Recognsing the above processes and trends, professional eagians in Hungary have also set the objective of
developing sustainable rail freight transport into a reliable and efficient mode of transport that contributes sigmdficantly
the growth of the national economy while simultaneously reducing the envirtairimepact of freight transport (Csavajda
and % |U | F] $ VSHFLILF JRDO VHW RXW LQ WKH FRQFHSW LV WR LQFUH
2024 and 2030 by enhancing the se§tocompetitiveness (Geland .RYiFV JIXUWKHUPRUH LQ
competitiveness of the railway sector will significantly contribute to ensuring that in the future, Hungary is not merely
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viewed as a gateway to Eurasian supply chains or simply as a transit country, but rather becomes a key logistics hub i
Central and Eastern Europkhe shift to green, sustainable modes of transport, including rail freight, cannot be achieved in
Hungaryas long asinfavourable conditions are present. These include the fatchthaéctor receives less support relative

to road transport in terms of freight volume, infrastructure operations are not adequately funded, the rolling stotéds outda
track capacity constraints are difficult to plan for in advance, and the tran8itiomgh the capital city constitutes a
bottleneck. In the medium term (202030), comprehensive, integrated expansion of rail and intermodal infrastructure is
necessary to meet the transport needs of manufacturing companies operating in strategid sectotional economy. In

the long term, through stakeholder cooperation, the share of intermodal transport in Hungary must be increased from th
current 7% to 21% (Geleind .RY i FV

In recent years, while the volume and performance of rail freight transport have declined, intermodal traffic has grown
rapidly in Hungary. From 2023 to 2024, it grew by a spectacular 122%, and the total volume exceeded 850,000 TEU. Semi
trailer traffic acounts for a significant share of intermodal growth, reaching 56,000 TEU in 2024. In 2025, total intermodal
traffic grew by another 14%, with 502,037 TEU of loaded containers transported, a 6.51% increase compared to the previou
year. An exceptionally hlgincrease (+81.22%) was also recorded in geailer transport, with 101,164 TEU transported
via this mode (MLSZKSZ, 2026).

It is well recognsed that road freight transport has serious social and environmental impacts: high GHG emissions,
overburdened infrastructure, and labshortages. Intermodal rail transport along green freight corridors effectively supports
climate protection goals by reducing road congestion and noise pollution, improving traffic safety, and mitigating greenhouse
JDV HPLVVLRQV -DQLIUithelps allgMaienhié it BhRrtage in road transport. In complex transport chains,
the efficiency of intermodal transport lies in the fact that goods are transported sedun#irgo carriers across multiple
modes of transport, without the need for direct or indirecstt@ipment. This method can optsmithe strengths of each
mode of transport in terms of flexibility, speed, cost, and environmental impact. While road transport is the most flexible
and often the fastest mode, other modes, such as rail or inland waterway transport, offer greater safeisoanuntal
performance and can reduce congestion on busy roads. In combined transport, unit loads travel most of the route via a gre
freight corridor, with shortlistance road transport to and from terminals. This combines the advantages of diffespuatrt
modes: it merges the efficiency of road collection and distribution with thedmtance, higkcapacity freight transport
capabilities of rail and waterway transport. It relieves traffic on public roads, thereby improving road networknshfety a
reducing congestion. It is an environmentally friendly, sustainable logistics solution that also createsegwedtid,
continuous, and traceable flow of materials. In this mode, loading and other wait times can be planned, and the number c
transshpments and cargbandling operations is minimal. The goal set by professional aajanmis is for the share of goods
transported by sentrailer (or equivalent 4500t containers/swap bodies) to increase from 7% to 21% of total road freight
transport by 2030 (Geleind .RY iFV However, in addition to infrastructure development, the widespread adoption
of combined freight transport also requires the creation of a transparent and predictable support system that direlstly respon
to the needs of market participants. For carriedslagistics service providers, economic rationality is the primary deeision
making criterion; thus, intermodal and multimodal solutions can only become competitive if they are environmentally
friendly, costeffective, and reliable.

For intermodal traffic to continue growing in Hungary, infrastructure development must prioritise expanding rail line
capacity and increasirthe capacity of existing intermodal terminals to meet increased traffic demands. The fleet must also
be upgraded; in addition to procuring craneable gesilers and 4500t containers, it is essential to increase investment in
specialged rolling stock and efficient, innovative loading equipment. To improve supply chain efficiency, it is worth
encouraging the launch of new direct trains connecting industrial zones and seaports. From a policy perspective
consideration should be given tacreasing direct subsidies for combined transport and to reducing fees at domestic
terminals. In the future, digital solutions, such as eFTI platforms and services, will also play an important role ingncreas
the efficiency of intermodal transport.

There are currently 11 intermodal terminals in Hungary, with 94% of the cd§itdtal intermodal traffic concentrated
in three hubs in Budapest. As for regional terminals, significant growth is expected, particularly in Debrecen and Szeged,
thanks to ongoing investments in the automotive industry. The objective of professionedatigasis to triple serrailer
intermodal rail traffic by 2030, expand the intermodal network with new, strategically located terminals that meet the needs
of economic operators, and integrate them effectively into the national rail and waterway rf&eter&nd . R Y i F V
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To achieve the above objectives, three of the thematic development project packages developed by professione
organgations are designed to encourage a shift in transport modes and strengthen intermodality. Among Gress the
Logistics ProgramDLPV WR DFKLHYH WDUJHWHG &2w UHGX$trahgtReQivg Drgh§poty HI R L
Competitivenessprioritises a support system for domestic carriers, deadgle tax policies, and driver training. At the same
time, the specifidntermodal Development Packagets out clear requirements for infrastructure development, a fleet of
vehicles capable of handling uiséd cargo, new rail services, and terminal capacity expansion. In the medium term, between
2027 and 2030, the priority is the expansion of rail and terminal infrastructure, as well as the development of trimodal
logistics connections, while in the long terthe focus should be on strengthening strategic positions (European Court of
Auditors, 2023).

Conclusion

This study provides a comprehensive overview of the sustainability challenges facing the transport sector, with a particulal
focus on the structure of freight transport and the role of modal shift and intermodality in achieving the Europe$§n Union
climate and transport policy objectives. The study is based on the premise that striking a balance between economic growt
and reducing environmental impact is one of the most important challenges of the 21st century, in which the transport sectc
plays a key role. Road transport continues to dominate EU transport emissions, while deslpite its favorable
environmental characteristichas a low market sham.study has shown that rail freight transport, thanks to its outstanding
energy efficiency and low emissions, can be a key tool for decastiom. At the same time, its structural limitatiofsuch
as fixedtrack infrastructure, limited flexibility, high fixed costs, and interoperability shortcomisgmificantly undermine
its competitiveness compared to road transport. Road transport, on the other hand, remains a dominant player due to its hi
flexibility, speed, and costffectiveness, particularly with the rise of filsttime supply chains. Basexh European trends,
we have observed that the share of rail freight transport has stagnated or declined slightly over recent decades, while tf
share of road transport has increased. A similar trend can be observed in Hungary. Although rail freigint traldspa
stable second place, its share is not growing significantly. Alongside the competition between the two sectors, however
intermodal transport has also developed dynamically in Hungary, following European trends; thus, this mode offers a
tangibk solution for the future development of sustainable logistics systems rather than a modal shift.

The competitiveness analysis highlighted that the railway s§daay can be attributed to the combined effect of several
factors. These include insufficient infrastructure development, limited track capacity, technical barriers at bordes,crossing
and lowinvestment levelsin addition, the fragmentation of the railway system and regulatory differences also hinder the
creation of a single European railway area. At the same time, digitati offers new opportunities: eFTI platforms,
electronic transport documentation, and ERTMS systems can significantly improve the§sefticiency, transparency,
and competitiveness. It is important to empsashat a modal shift can only be achieved through complex, coordinated
policy interventions. To this end, significant development of rail and intermodal infrastructure, expansion of terminal
capacities, and modesation of the rolling stock are essential. In addition, there is a need to establish a predictable and
effective support system that encourages market participants to adopt environmentally friendly modes of transport. The
internalsation of the external costs of road transport canlaép levelthe playing field.

Overall, the development of rail freight transport and intermodality is essential to achieving $ndifeldte policy goals.
Hungary$ favairable geographic location creates an opportunity to become a regional logistics hub in the future; however,
this requires targeted investments, a strategic mindset shift, and effective cooperatiomaatspsg modesAccordingly,
the transport system of the future will be based on an integratedsatigiind sustainable multimodal network in which rail
plays a key role.
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Abstract

This work reinterprets the sustainability transformation of mobility systems from a cognitive sustainability perspective,
integrating economic mechanisms, decisimaking processes, and emission dynamics into a unified analytical framework.
While traditioral approaches emphasicost structures and policy incentives, this work argues that the transformation cannot
be fully understood without considering the cognitive dimension of deemgting. Total cost of ownership (TCO) is
positioned as a central mediating construct tlatanly reflects economic rationality but also serves as a cognitively
informed decision interface shaped by perception, trust, and information asymmetry. The analysis highlights that the
relationship between costs and emissions is dynamic andineam oser time, particularly in the case of electrification,
where shorterm emission increases can precede-keng sustainability benefits. By integrating economic, environmental,

and cognitive layers, the study proposes a feedddagkn systems model in wdh policy instruments, cost structures, user
choices, and emission trajectories evolve together. The results show that an effective sustainability transformation depenc
not only on optinging cost structures but also on shaping the cognitive frameworks through which these costs are perceived
and internaked.

Keywords
cognitivesustainability, mobility transformation, total cost of ownership, electromobility, emissions dynamics, dewkiag, policy instruments

1. Introduction

The sustainable transformation of mobility systems is usually viewed as a technological and econonsatioptimi
problem, where the adoption of leemission technologies is promoted through cost competition and regulatory incentives.
However, empirical findings increasingly show that this perspective is incomplete. The transformation of mobility systems
occursnot only through measurable economic mechanisms but also thiteeighaysdecisionmakers perceive, interpret,
and internalise thenin this sense, mobility systems should be understood as cogmitivemic systems in which cost
structures, policy interventions, and technological alternatives are continstiaglgd by human perception and decision
making

This integrated understanding aligns with the emerging paradigm of cognitive sustainability, which expands traditional
sustainability thinking by incorporating information processing, perception, and betegnamics into systems analysis

=|OG\ HW DO ,Q WKLV FRQWH[W VXVWDLQDE L O L $t\ ras0urbeaNocRidP D W L
but arise from the interplay of objective system parameters and subjective detidimy processes.
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This study therefore aims to develop a unified analytical framework that links the economic, environmental, and
cognitive dimensions of mobility transformations. By positioning total cost of ownership (TCO) as a mediating cognitive
economic construct and incorporating the penal dynamics of emission trajectories, the study contributes to a more
comprehensive understanding of the reasons for and mechanisms behind the success or failure of sstsioahkgions
of mobility.

2. Economicmechanisms and external effects in transport systems

At the heart of sustainable transformatiamsnobility lie the structuresf economic incentives, traditionally described
in terms of external effects and cost intersalon mechanisms. Transport systems generate significant negative externalities
tincluding greenhouse gas emissions, air pollution, and nigech are only partially reflected in market prices (Campos
et al., 2009; IPCC2023. The classical economic approach defines the optimal emission fetet antersection of the
marginal damage and the marginal aofsemission reduction. Sustainability, therefore, is achieved not through complete
elimination but througleffective reductionsiiHPLVVLRQV OiFD HW DO

From the perspective of cognitive sustainability, however, external effects are not only economically undervalued but
also cognitively underrepresented. Users tend to base their decisions on immediate and visible costs, wdrite long
environmental impastremain abstract and are often neglected. Therefore, evedes@hed economic instruments cannot
achieve the desired behavialichanges if they are not cognitively accessible or interpretabkeresult, policynstruments
should not be viewed solely as means of influencing relative prices, but rather as components of a broadendkicigion
environment. Taxes, subsidies, and regulatory frameworks influence behagtoonly through their financial effects but
also through their signallingn the cognitive space. A stable political environment strengthens trust, visible infrastructure
improves perceived feasibility, and direct incentives reduce the perceived risks of new technologies. In this sense, the
effectiveness of policy measures dege not only on the economic scale but also on the coherence between economic signals
DQG FRJIJQLWLYH S UsRdTHaé¢Nri, QaR1;-Rl& ROL).

3. Total cost of ownership(TCO) as acognitive-economic interface

The total cost of ownership (TCO) plays a central role in linking the economic and cognitive dimensions of mobility
decisions. In traditional economic analysis, TCO integrates capjtatating, and regulatory costs into a comprehensive
life-cycle indicator (Wouters et al.,, 2005; Desreveaux et al., 2020). However, the true significance of TCO for
transformation®f mobility lies in its role as a link between macroeconomic policy and microeconomic detialing.

From a cognitive perspective, TCO can be understood more as a decision architecture than as a purely financial metric.
structures the evaluation of alternatives, simplifies complex system interactions, and transforms abstract cost curves int
actionabledecision criteria. Empirical evidence, however, shows that deeisakers rarely perform complete TCO
calculations in practice. Instead, they rely on partial information, heuristics, and relevant cost factors such as poechase p
or immediate operatingosts. This leads to a persistent discrepancy between calculated and perceived TCO, which
significantly influences technology adoption.

The example of electromobility illustrates this discrepancy patrticularly clearly. Although the total life cycle costs of
electric vehicles can be competitive under certain conditions, higher purchase costs often dominatertddrgiodue to
electricity procurement and risk aversion. At the same time, the perceived benefits of lower operating costs depend heavily
RQ H[SHFWDWLRQV UHJDUGLQJ IXWXUH HQHUJ\ SULFHV LQIUDVWUXFWXU
sensitivity denonstrates that cost competitiveness is not a static outcome but a dyoaméxtdependent phenomenon
influenced by both external faggand cognitive interpretation.

4. Temporal dynamics of emission trajectories

The dynamics of mobility transitions become even clearer when considering emission trajectories. Traditional
sustainability assessments are often based on static comparisons or aggregated life cycle indicators that fail to capture t
temporal dimension aénvironmental impacts. In fact, emissions evolve, reflecting both technological characteristics and
systemic processeElectrification is a welldocumented example of this temporal complexity. The production phase of
electric vehicleszparticularly battery productiortresults in higher initial emissiorthan those ofnternal combustion
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engine vehicles, while operational emissions are significantly lower. Consequently, the environmental benefits of
electrification only become apparent after a certain period of use, resulting in-defimyed emissions profile (Lerchner
and=| 0 G\

This temporal dependency has important cognitive implications. Users tend to evaluate environmental performance base
on simplified and static assumptions, which can lead to misperceptions. The presence of an initial ph&seisgitim
disadvantagescan undermine the perceived sustainability of eledittiechnologies, even if the lortgrm benefits are
substantial. This underscores the need for dynamic and sybtsed representations of environmental impacts that can be
cognitively processed and integrated into everyday decisions. Furthermore, emassiong determined at the level of
individual vehicles but result from the composition and evolution of the entire vehicle flesugtamabilitytransformation
of mobility systems thus depends on aggregated deeisaking patterns, which in turn are shaped by political incentives,
cost structures, and cognitive factors. The resulting system exhibits a feedback dynamic: political changes alter cos
structures, costs influence decisions, decisions change the composition of the vehicle fleet, and emissions evolve
accordingly.

5. Model offeedbackdriven systems

Cognitive sustainability expands the economic feedback loop by erdplahkiat all phases of the transformation process
are mediated by perception. The interpretation of political signals, the perceived relevance of costs, and the understandin
of environmental consequences influence the direction and speed of the tratisforitmathis sense, sustainability
transformation®f mobility systens can be described as adaptive learning processes in which both individuals and systems
continuously adjust to new information and changing circumstances. Figure 1 shows a féediegickystem model that
integrates three main levels of the mobility trawsitithe economic level (including cost structures, total cost of ownership
(TCO), external effects, and policy instruments), the cognitive level (including decision architecture, perceived TCO,
behavioral biases, trust, and risk perception), and the ecaldgvel (including emissions trends, fleet dynamics, and life
cycle profiles). The central construgtognitive sustainabilitytrepresents the eevolutionary process through which these
levels interact, mutually influence each other, and jointly determine the speed and stability of the mobility transition.

Feedback-Driven System Model of Cognitive Sustainability in Mobility Transitions

Economic Layer Cognitive Layer Environmental Layer

Cost Structures Decision Architecture Emission Trajectories
Total Cost of Ownership (TCO) Perceive
Externalities & Pricing Bel

Calculated TCO Fleet Composition Dynamics

ioural Lifecycle Emission Profiles

Policy Instruments Trust & Information As: Time-Lagged Benefits

(Taxes, Subsidies, Regulation) Heuristics & Risk Perception (EV production vs. operation)

Cognitive Sustainability
Integrated Feedback System

(Co-evolution of policy. cost, decisions & emissions)

|

Outcomes: Sustainable Mobility Transition

Effective transition requires alignment of economic signals, cognitive frameworks & emission dynamics

Directinfluence = —————— Feedback loops -4——— Bidirectional interaction

Figure 1. Feedbaettriven system model of cognitive sustainability in mobility transitions
The model illustrates that direct impacts from each level flow into the integrated feedback system, while feedback loops
from the system act back into the economic and ecological levels. Furthermore, the bidirectional interactions between the
three main leels reflect the crosdomain dependencies that charastenieatworld mobility transitions. Sustainable
mobility outcomes are positioned as a product of this fully integrated, dynamically evolving system.

This perspective aligns with broader sustainability concepts, such as integrategcemcmieecological models (Hariram
et al.,, 2023), which emphasi the interplay between economic and behar@ilodimensions. Research sustainable
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transport also shows that efficiency gains depend not only on resource allocation but also onra¢hesfiomses to policy
interventions.In this integrated system, the role of policy is fundamentally reinterpreted. Instead of merely acting as an
external regulator, policy can be understood as shaping deaisikimg environments. Effective interventions should
consider the objective coststture as well ashe cognitive conditions for decisianaking tincluding the transparency of

cost information, the stability of regulatory frameworks, and the availability of technological options.

6. Policy implications for cognitive sustainability

The findings of this study suggest that future mobility policies must move beyond traditional economisatiptinaind
explicitly incorporate cognitive dimensions into their design. First, policy measures should consider cost structures not
merely as financial parameters, but as communication tools that shapé&pgseeptions and evaluations of mobility
alternatives. Second, the effectiveness of incentives depends on their stability and transparency: an unpredictable politic
environment undermines trust and delays behaslahangeThird, the benefits of sustainability must be translated into
cognitively accessible formats, particularly by emp$iagi timedependent emission trajectories instead of static
comparisons. Fourth, integrating decissupport mechanisms, such as T6&sed labelling, redalme cost visualisation,

and scenaridbased communication, can significantly impeoalignment between objective system performance and
perceived outcomesifth, infrastructure development should be understood not only as a physical investment, but also as a
cognitive signal that reinforces technological feasibility and reduces perceived risk. Sixth, policy interventions should
account for behaviaal biases to ensure that shtetm cost disadvantages do not overshadow-teng system benefits.
Ultimately, cognitive sustainability requires a paradigm shift in political thinking: from influencing markets to shaping the
decisionmaking environment. The success of the mobility transition depends not only on the effectiveness of system
optimisation but also on how well users understand these systems, trust them, and act accordingly.

7. Conclusions

The sustainability transition of mobility systems cannot be reduced to a purely economic or technologicsatimptimi
problem, as its dynamics ultimately take place in the cognitive space of dawialdng. This study has shown that cost
structures, policy interventions, and emissions trajectories interact through pertxgstioh processes in which the
interpretaion of information is just as crucial as the information itsElfe reinterpretation of total cost of ownership as a
cognitiveeconomic interface highlights that the effectiveness of economic signals depends on their perceived relevance an
not solely on their calculated value. At the same time, thediependent nate of emissions dynamics reveals a persistent
discrepancy between actual and perceived sustainability performance, which can slow down otherwise positive transitions.

In this context, policy must move beyond mere cost correction and create a dewigiog environment in which economic,
ecological, and cognitive dimensions are alignédnsequently, isstainable mobility does not simply arise from optimal
systems, but frorhowthese systems are understood, valued, and used by users. Future research shouldrfgaitisaily
validating the feedbaekriented model proposed here and on developing cognitive deaigi&img tools thabridge the
gap between sustainability goals at the system level and denisikimg processes at the individual level.
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Abstract

The increasing demand for lightweight, highly protectwenoued vehicles has shifted material selectimm ballistic
performance alone toomprehensive sustainability considerations. While traditional homogenaemasirsteels provide
excellent durability, mature manufacturing technologies, and high recyclability, their high density significantly increases
vehicle mass, leading to greater fuel consumption and greenrbassemissions throughout the operational life cycle
Conversely, advanced compositienoursystems offer superior protectiborweight ratios but are associated with energy
intensive manufacturing processes and limited-@rlife recycling options. This study presents a comparativeciifde
sustainability assessment of stemhd compositdased vehiclarmouing materials using a cradte-grave engineering
framework. In addition to evaluating ballistic performance and material characteristics, the proposed methodology integrate:
manufacturing energy demand, operational fuel consumption, greenfjasisemissios, recyclability, and economic
considerations. A simplified quantitative model is introduced to describe the relationship batmearmass, vehicle fuel
consumption, and operational €@missions, while a sensitivity analysis is performed for representativeued vehicle
configurations. Furthermore, a muttiiteria decision analysis (MCDA) framework is proposed to support engineering
decisionmaking by simultaneously considering ballistic efficiency, environmental impact, operational performance,
recyclability, and cost. The results demonstrate that although homogeneous steel remains advantageous in terms c
manufacturing maturity and circularity, lightweight composite materials substantially reduce operational environmental
impacts owing to lower vehicle masthe analysis further indicates that hybrid modaanoursystems provide the most
balanced engineering solution by combining the recyclability of steel with the wssgimg benefits of advanced
composites. The proposed assessment framework extends conventional material comparisons by integrating engineerin
environmental, and economic perspectives into a unified sustainability evaluation methodology, thereby providing practical
guidance for the future developmentasmoued vehicle protection systems.

Keywords
vehiclearmouing, bulletproof materials, sustainability

1. Introduction

The continuous evolution of ballistic threats has significantly influenced the development of protective materials used in
military and civilianarmoued vehicles. For several decadasnourdesign has primarily focused omaximisingballistic
resistance while maintaining sufficient structural integrity and acceptable vehicle mobility. Homoganmaoussteels
havebecome the conventional solution because of their excellent mechanical properties, proven manufacturing technologies
and high reliability under combat conditio@ineid andHarth, 2023. However, the increasing protection requirements
against modern kinetic projectiles, improvised explosive devices (IEDs), and blast loading have inedtablyeavier
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vehicle structures, theretadversely affecting mobility, payload capacity, fuel consumption, and operational costs. In
parallel with advances in protective technologies, sustainability has become a key engineering objective across the
automotive and defence industries. Environmermglilations, carbon reduction strategies, and circular economy principles
have expanded the traditional design criteria beyond ballistic protection, introducingdiéeenvironmental performance

as an additional decisiemaking factoNyerges, 2026)Consequently, the selectionaimourmaterials should no longer

be based solely on mechanical performateyshould also consider manufacturing impacts, operational energy demand,
greenhousgas(GHG) emissions, service life, maintenance requirements, andfelifé recovery.

The development of advanced composite materials has fundamentally changed moderamebigtey. Fibre-reinforced
polymer composites, ultraigh-molecularweight polyethend UHMWPE), ceramic strike faces, and hybrid multilayer
systems provide substantially higher protectionweight ratios than conventional steemour(Tsirogianniset al, 2024)

The resulting reduction in vehicle mass improves acceleration, braking performaarasguvrability operational range,

and fuel economy while simultaneously reduci@$iG emissions during service. Nevertheless, these materials also
introduce new sustainability challenges. Their production is considerably more émerggive than conventional steel
manufacturing, and recycling remains technologicefigillenging due to the heterogeneous nature of composite structures
and the strong bonding between reinforcement fiarespolymer matricesloger et al. 2023)

Numerous studiehave investigated the ballistic behaviourapfoursteels, aramid compositélde et al.,2025) ceramic
systemgqNi et al.,2026) and hybrid protective structur@glutu, 2025) Other researchetsave evaluated the mechanical
properties(SundarampBalaji, Kumar, 2026) impact resistance, and failure manklsms of these materials under ballistic
loading. Howeverelatively few investigationsave attempted to integrate ballistic performance with broader sustainability
considerationgExisting studiesypically address either material performance or environmental aspésd$ation, whereas
comprehensive engineering frameworks that compnogection efficiency, operational energy demand, recyclability, and
economic performance remain limit¢@thmanand Hassan2013) Consequently, thereemains a need for practical
methodologies to suppamaterial selection from a holistic |feycle engineering perspective.

The sustainability oarmoued vehicles is inherently a systdavel problem. Although heaviermourgenerally provides
improved protection, the additional mass increases rolling resistance, power demand, fuel consGid@iemissions,
suspension loading, and maintenance requirements throughout the vehicle l#tomneand Chen2015) Conversely,
lightweight composite materials reduce operational impacts but frequently require more energy during manufacturing and
currently exhibit limited recycling potentigKhodadadiet al, 2019) These conflicting characteristics indicate that
sustainability cannot be evaluated by considering individual material properties edtimer, it requires an integrated
assessment aifie entire vehicle life cycle.

To address this research gap, the present study proposes a comparatiwddifistainability assessment of steeld
compositebasedarmour materials used in vehicle protection. Unlike previous reviei@nted studies, the proposed
methodology combines qualitative engineering evaluation with a simplified quantitative assessmenralmkimgnass to
operational fuel consumption and carbon dioxide emissions. The analysis follows at@ig@iee system boundary and
incorporates manufacturing energy demand, operational environmental impacts, recyclability, and selected economic
considerationglmre et al.,2025) Furthermore, a mukiriteria decision analysis (MCDA) framework is introduced to
evaluate alternativarmourconcepts by simultaneously considering ballistic efficiency, weight reduction, environmental
performance, recyclability, and cost. The principal contribution of this study is the development of an integrated engineerin
framework that extends conventionadaterial comparison toward a practical sustainabdiignted decisiosupport
methodology. Rather than identifying a universally supeaaionourmaterial, the study aims to determine how different
material systems perform under multiple engineering and environmental criteria and to identify the conditions under which
hybrid and modulaarmourconcepts provide the most balanced solufiManget al, 2022) The protection standards are

listed inTablel:
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Tablel. Standard requirements for protection le&adir Bilisik and Turhan2009)

Minimum bullet ~ Number of Number of Minimum

Class Threat Type of bullet . :
Level and caliber velocity shots shots penetration depth
(m/s) 0° 30° (mm)
L1 .38 SpecialRN 259 4 2 44
L1 22 LR HV 320 4 2 44
L2 .357 Magnum JSP 381 4 2 44
L2 9 119 mm FMJ Parabellun 332 4 2 44
L3 .357 Magnum JSP 425 4 2 44
L3 9 119 mm FMJ Parabellun 358 4 2 44
L4 44 MagnumSWC 426 4 2 44
L4 9 719 mm FMJ Parabellum 426 4 2 25
L5 7,62 754 R39M L 838 6 0 25
L6 7,62 154 R 39MB32 868 1 0 25
LS specific requirements determined by the customer

2. Methodology

The methodology of this study adopts an integratedciifde engineering framework to evaluate the sustainability of
different vehiclearmouing materials. The analysis follows a cratiegrave approach, considering all phases from raw
material extraction and manufacturing to operation andodife processes, thereby ensuring a comprehensive assessment
of environmental and engineering perfance. The research combines qualitative comparison with a simplified quantitative
model to estimate the impact afmourmass on fuel consumption and greenhouse gas emissions during vehicle operation.
In addition, a sensitivity analysis isonducted to examine how variations in material configurations affeetall
sustainability outcomes. To support decisioaking, a multicriteria decision analysis is applied, integrating factors such

as ballistic efficiency, environmental impact, recyclability, and cost. This structured methodology enables a balanced
conparison of steel, composite, and hyhaithoursystems while maintaining transparency and practical applicability for
engineering design.

2.1 ResearcHramework

The objective of this study is to evaluate the sustainability of vearal®uing materials using an integrated engineering
approach that combines material properties, environmental impacts, operational performance, and economic consideration
Unlike conventional material comparisons that primarily focus on ballistic resistargerajposed methodology evaluates
armourmaterials from a complete ldfeycle perspectivéKondoret al.,2025)

The assessment follows five sequential stages:
1. Identification of representativ@mourmaterials.
2. Collection of engineering and environmental data from the literature.

3. Quantitative estimation of operational fuel consumption@H® emissions resulting from additionalmour
mass.

4. Comparative evaluation of environmental and engineering performance over the vehicle life cycle.
5. Multi-Criteria Decision Analysis (MCDA).
2.2 Functionalunit and system boundary

The functional unit is defined as oaemoued vehicle operating over a service life of 200,000 km. The assessment follows
a cradleto-grave system boundary including raw material extraction, material produatimourmanufacturing, vehicle
operation, maintenance, and eofdife recycling or disposdlLi et al.,2023) Operational impacts are evaluated separately
from manufacturing and erof-life impacts to ensure methodological transparency.
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Table2. Engineeringassumptions

Parameter Value
Baseline vehicle mass 3500 kg
Steelarmourmass 900 kg
Compositearmourmass 450 kg
Vehicle lifetime 200,000 km
Fuel type Diesel

&2w HPLVVLRQ ILC 2.68 kg CQI/L diesel

2.3 Quantitative sustainability model
Operational fuel consumption is estimated using a simplified linear engineering relationship:
(%L (% E G&|
where
FCis fuel consumption (L/100 km),
FCais fuel consumption,
Umis the additionahrmourmass, and
kis the mass sensitivity coefficient.
Operational GHG emissions are estimated as:
Ge L (%H&H"(
where
D is the travelled distancand

EF is the diesel emission factor.

2.4 Sensitivity analysis

Three representativemourconfigurations are compare(:) conventional steedrmour (2) advanced composigmour

and(3) hybrid modulamrmour 5SHODWLYH FKDQJHV LQ YHKLFOH PDVV IXHO FRQVXPSW
recyclability are evaluated to determine the influencarofourmass on lifecycle sustainabilitySockalinganet al,

2017)

Table3. Multi-criteria decision analysis

Criterion Weight (%)
Ballistic performance 30
Protectionto-weight ratio 20
Environmental impact 20
Recyclability 15

Economic performance 15
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2.5 Limitations of the study

The proposed methodology is intended as a comparative engineering framework rather than a complete ISO 14040/1404
life-cycle assessmef(itlin et al, 2016) Several assumptions regarding vehicle configuration and operational conditions are
simplified to enable a transparent comparison betwamnour concepts. Nevertheless, the methodology integrates
engineeringXu et al, 2023) environmental, and economic considerations into a practical sustairabiitted decision

support framework.

3. Armour materials used in vehiclearmouring

Armour materials used in vehicle&rmouing include conventional steel, advanced composites, and hybrid systems. Steel
armouris widely used due to its strength, durability, and recyclability, but its high weight increases fuel consumption and
emissions. Composite materials, such as ceramidibrereinforcedsystems, offer lighter weight and better mobility,
although they are more difficult to recycle. Hybaignourcombines these materials to balance protection, weight reduction,
and sustainability. This approach provides a more efficient overall solution for nenteoned vehicles.

3.1 Conventionalhomogeneousrmour steels

Homogeneouarmoursteels have represented the benchmark solutioarfooued vehicle protection for several decades
owing to their excellent mechanical properties, manufacturing maturity, and operational reliability. These steels ate produce
with a uniform chemical composition and microstructure throughout their thicknessdipgoyredictable ballistic
behaviour under higkelocity impact conditions. Depending on the required protection laugloursteels are generally
classified into Rolled Homogeneo#smour (RHA), High StrengthArmour (HSA), High Hardnesg&rmour (HHA), and
Ultra-High Hardnesg&rmour (UHHA).

Table4. Properties of homogeneoasmoursteels

SUPRXWHHO +DUGC <LHOG V\ 7THQVLOH \ 6WUHW

+ % 03D 03D
5+%
+ + + +
5RO ®RBR JH GHRPRX
+63$ + + + +
+LJK 6W B U PRGMEKH I - - - -
t+3 + + + +
+LJK +D U@ RXW - - - -
8++$
+ + +

8OWUDK +DWBLPRX

The ballistic performance of homogenecarsnour is primarily achieved through high hardness and strength while
maintaining sufficient toughness to prevent brittle fracture. From a sustainability perspective, steel benefits from mature
manufacturing technologies, excellent repairability, and highlyciefit recycling routes. However, its high density

DSSUR[LPDWHO\ J FPA VXEVWDQWLDOO\ LQFUHDVHV YGHGlemBsion® DV V
mobility, and operational efficiency.

3.2 Advancedcompositearmour systems

Advanced compositarmoursystems combine several materials with complementary functions to achieve significantly
higher protectiorto-weight ratios than conventional stgBlobra D Q G - y200p Typical systems consist of ceramic
strike faces manufactured froaluminiumoxide, silicon carbid®r boron carbide together wifibre-reinforcedpolymer
backings based on aranfiires . H'Y O D U Shight@M¢uaweightpolyethend UHMWPE) or glassibres (Fig. 1):
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Figure 1 Ballistic testing of a selfleveloped composite mater{#londoret al, 2025)

The ceramic layer fractures and erodes the projectile, whereas the composite backing absorbs the remaining kinetic ener
by fibre deformation, delamination, and matrix cracking. Owing to their low density (typically 1.1J FPA FRPSRVI
systems improve vehicle mobility and reduce operational fuel consumptionGéital emissions. Their principal
disadvantages are enerigyensive manufacturing processes and limited @hlife recyclability.

3.3 Hybrid armour concepts

Recent developments increasingly employ hylarichourarchitectures that combine steel, ceramics, fdod-reinforced
composites within a modular multilayer structure. Such configurations exploit the recyclability and structural robustness of
steel while benefiting from the lightweight characteristics of composite matéRatiolph D Q G 0,i ®018P Modular
armourconcepts also facilitate maintenance by allowing damaged sections to be replaced individually, thereby reducing
material consumption, maintenance costs, and vehicle downtime.

3.4 Sustainability characteristics ofarmour materials

The sustainability oArmourmaterials cannot be evaluated using a single engineering parameter. Steel exhibits excellent
recyclability and manufacturing maturity but increases operational environmental impacts because of its high mass.
Composite materials substantially reduce openat fuel consumption and emissions but require greater manufacturing
energy and currently offer limited recycling potential. Hytaithoursystems provide the most balanced compromise by
integrating the advantages of both material classes. Consequently, material selection should be based on a comprehens
life-cycle engineering assessment rather than ballistic performance alone.

Table5. Comparativesustainability characteristics afmourmaterials

Criterion Steel Composite Hybrid
Density High Low Medium
Ballistic efficiency High Very high Very high
Operational emissions High Low Low
Recyclability Excellent Limited Good
Manufacturing energy Moderate High Moderate
Overall sustainability Moderate High Very High

4. Quantitative sustainability assessment and discussion

The quantitative sustainability assessment highlights that vehicle mass is a key determinant of operational performance i
armoued vehicles. The addition afmourincreaseshe vehicle's total weight, which directly raises fuel consumption due

to higher rolling resistance and increaseérgy demand during acceleration and operation. The comparative analysis shows
that steelarmour with the highest mass, leads to the greatest increase in fuel consumption and greenhouse gas emission
over the vehicle'difetime. In contrast, compositarmour significantly reduces vehicle mass, thereby improving fuel
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efficiency and lowering operational emissions. Hyhaignour systems offer an intermediate solution, balancing mass
reduction with structural performance. Overall, the results demonstrate a clear relationship between mass reduction an
improved operational sustainabilitgmphasisinghe importance of lightweight designanmoued vehicle engineering.

4.1 Vehiclemass and operational performance

Vehicle mass is one of the most influential engineering parameters affecting the operational sustainalitityuef!
vehicles. Increasingrmourthickness generally improves ballistic protection but simultaneously increases total vehicle mass,
resulting in higher rolling resistance, increased power demand, greater fuel consumption, an@GHiGhemissions
throughout the vehicle life cycl&or the comparative assessment, a representativeued vehicle with a baseline mass

of 3,500 kg was considered. Three representadireour configurations were evaluated: conventional steshour
advanced compositemour and hybrid modulaarmour

Table6. Armour configurations

Configuration Additional armour mass (kg) Total vehicle mass (kg)
Steelarmour 900 4400
Compositearmour 450 3950
Hybrid armour 650 4150

4.2 Fuelconsumption assessment

Assuming a baseline fuel consumption of 18 L/100 km for tteeranued vehicle, the simplified engineering model
introduced in Section 2 was applied to estimate operational fuel demand.

Table7. Fuel consumption assesent

Fuel consumption

Configuration Relative change

(L/200 km)
Baseline 18.0 2
Compositearmour 18.8 +4.4%
Hybrid armour 19.3 +7.2%
Steelarmour 20.0 +11.1%
4.3 Operational GHG emissions
8VLQJ D GLHVHO HPLVVLRQ IDFWRU RI NJ &2w / DQG OH® Hridslotered LI HW

estimated.

Table8. Greenhouse gas emissions

Lifetime fuel consumption

Configuration L) &2w HPLVVLRC
Steelarmour 40,000 107.2
Hybrid armour 38,600 103.4

Compositearmour 37,600 100.8
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4.4 Multi-criteria sustainability evaluation

A Multi-Criteria Decision Analysis (MCDA) was performed to compare the alternati®ur concepts considering
engineering, environmental, and economic criteria.

Table9. Multi-criteria decision analysis

Criterion Weight (%) Steel Composite Hybrid
Ballistic 30 4 5 5
performance
Weight 20 2 5 4
efficiency
Ope.ratllonal 20 5 5 4
emissions
Recyclability 15 5 2 4
Economic 15 5 3 4
performance

Please note that Steefompositeand Hybrid received points [1..5] on the given performance indicaitieight
indicatesthe decision wight ofa given criterion inthefinal decision

4.5 Engineeringinterpretation

The analysis demonstrates that redu@ngourmass directly decreases fuel consumption and operationa¢@@sions
(Klimecka-Tatar, 2017) Steel remains advantageoins terms of recyclability and manufacturing maturity, whereas
composite materials offer substantial operational environmental bendfifsV |1 UIRQY/G 7, |20{L4) Hybrid armour
systems provide the best overall balance by combining the principal advantages of both materiél elassats2022)

5. Conclusion

This study presented a comparative -tifecle sustainability assessment of conventional homogeneousasteelr
advanced compositarmour systems, and hybrid modularmour concepts for vehicle protection. Unlike traditional
evaluations that primarily consider ballistic performance, the proposed framework integrates engineering, environmental,
and economic aspects within a unified sustainabdiignted methodology. The rdts demonstrate tharmourmaterial
selection should be based on the complete vehicle life cycle rather than on individual material properties alone.
Homogeneousarmour steel remains an attractive solution owing to its proven manufacturing technologies, excellent
structural reliability, high repairability, and wedktablished recycling infrastructure. Nevertheless, its relatively high density
substantially increases viele mass, leading to greater fuel consumption, greenkbgaseemissions, and operational
environmental burdens throughout the service life. Advanced compoaiteursystems provide significantly improved
protectionto-weight ratios, resulting in lower operational fuel demand, reduced carbon emissions, and improved vehicle
mobility. However, these advantages are partially offset by erietggsive manufacturing prosses and limited eraf-

life recycling options. Consequently, neither steel nor composite materials alone can be considered universally optimal from
a sustainability perspective. The quantitative assessment anecriteliia decision analysis indicate thaybrid modular
armoursystems provide the most balanced engineering solution. By combining recyclable steel components with lightweight
composite materials, hybrid configurations simultaneously improve ballistic protection, operational efficiency,
environmental performance, méenance flexibility, and longerm economic sustainability.

The proposed methodology contributes a practical engineering desigiport framework that linkarmourmass with
operational fuel consumptiorGHG emissions, recyclability, and economic considerations. Although simplified, the
framework provides a transparent basis for comparing alterrativeurconcepts during the early stages of vehicle design
and complements more comprehensivedifele assessment methodologies.
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Future research should extend the present work by incorporating experimentally validated vehiclesiuglption models,
complete 1SO 14040/14044 liycle inventories, manufacturing energy databases, and missgmific operational
scenarios. Additioriaptimisationstudies focusing on layer configuration, material sequencing, and multifunctional hybrid
armourarchitectures could further improve the sustainability of 4gexterationarmoued vehicles. Overall, sustainable
armoued vehicle development requires a balanced integration of ballistic effectiveness, lightweight design, circular
economy principles, and lfeycle engineering. The findings of this study demonstrate that hybrid modular protection
systemsare among the most promising pathwayseducing the environmental footprint afmoued vehicles while
maintaining the high levels of protection required in modern operational environments.
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Abstract

3D printing or Additive Manufacturing (AM), has evolvébm aspecialisedool for creating prototypes into a large international marketplace valued at
$24.2 billion in 2025. In this studyve investigated how the size of the additive manufacturing marketplace is connected to global economic activity, as
measured by Gross Domestic Product (GDP). We documented a neafbldBbicrease in the additive manufacturing marketplace, comparb@\gi22

fold increase in World GDP over the sapeziod. We document four distinct periods of growth in the additive manufacturing markeiptbdemonstrate
that investments in AM have been uncorrelated with most major economic recessions, irthlosbngaused by the 20@®09financial crisisand the
COVID-19 pandemic The thregrincipal mechanismthirough which additive manufacturih@s contributed to economic growth arereasedotal factor
productivity, the creation of new markets and business models based on distributed manufacturing, and improved supply chain resdieate. A
decline in the cost of additive manufacturing equipmetfitat occurred approximately 1,250 times faster than traditionaldiw@nsionaprinting #vas
identified as theprimary structural cause of the rapid expansion of the additive manufacturing market. These results were framed theosgbf the |
cognitive sustainability, which views digital manufacturing technologienabling humans to produce meiféiciently by utilising fewer resources. The
findings indicate that additive manufacturing provides a cognitively sustainable pathway to technological innovatiomavithglications fofong-term
economic development, industrial policies and green transition strategies.

Keywords:additive manufacturing; 3D printing; GDP; economic growth; cognitive sustainability; price democratization; supply chié@ncesi

Industry 4.0

1. Introduction

Additive manufacturing (AM), the building of an objday layering materiahccording to a computer model, represents
perhaps the most significant technological shift in modern industrial history. In just overeiljintyyears since the first
commercially viable Stereolithography (SLA) machine came into operation in 1988, AMevwved from a costly
technology used primarily for rapid prototyping by the largest aerospace and automotive companies around the globe
become awidely distributedproduction paradigm applied in many different sectomscluding health caredefence
construction and consumer products.

Global AM sales were estimated $24.2 billion in 2025 (Wohlers Associates, 2026), and estimates for the size of the
AM industry project growth to $125.9 billion &168.9 billion (Grand View Research, 2025) by 2688 The expected
growth rate for the AM industry is remarkable when viewed against otheitéighology industries. Over the past thirty
five years, the AM industry grew about 800 timesmuch as world GDP did during that per{t'dF World Economic
Outlook, April 2026;World Bank, 2025).

While the growth of the AM industry has been substantial, the body of knowledge related to AM in economics remains
limited and fragmented. Most of what we know about AM comes from studies focused on how AM fafiedevel
productivity (McKinsey Global Institute, 2019ectorspecificrates of adoption (Wohlers Associates, 202r life cycle
assessmen{& CAs) of the environmental impacts of AM (Jung et al., 2023; NaakiNonino, 20T). As such, there is very
little evidencefrom longitudinal studiesn how changes in the AM market relate to changes in world GDP over long periods
(i.e., multidecade periods Furthermore, no previous study has examined the role of AM as a technology that expands
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human productive cognition whileducing the use of physical resources (i.e., cognitive sustainability) and its relationship
to both thegreen transition and resilient economic developniieiczere 2022)

Evolution of World GDP vs. Global Additive Manufacturing Market (1990-2026)
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Figure 1. Evolution of World GDRs Global Additive Manufacturing Market (1992026).Source: World Bank2025),IMF, 2026 (GDP); Wohlers
Associates annual reports 202026 (AM market) / owrelaboration 20252026 figures are estimates/projections.

This paper fills each of these three voids. First, it presents a longitudinal quantitative analysis of the relationghip betwe
the global additive manufacturing market and world GDP from 1990 to 2026. Second, it outlines and examines the
mechanisms throlgwhich additive manufacturing influences total output at the macroeconomic level. Finally, this paper
VLWXDWHY WKHVH ILQGLQJV ZLWKLQ D FRIJQLWLYH VXVWDLQDELOLW\ |
manufacturing constitutes a cognitiyedustainable technology whose structural alignment thighobjectives of the green
transition, digital transformatiomnd resilient economic development enables its widespread adoption.

In this context, cognitive sustainability is not treated merely as an abstract interpretative lens, but as an operationa
framework that links technological change to measurable economic outcomes. Specifically, additive manufacturing is
assumed to enhantke efficiency of knowledgetilisation in production systems, thereby enabling higher output with
reduced material and energetic inputs. This study therefore intermetéongterm growth dynamics of additive
manufacturing not only as a technologicdfudion process but alses an observable manifestation of increasing cognitive
intensity in economic production.

The remaining sections of this papee organizeas follows:Section2 contains information regarding data sources and
methodologies employed. Secti@rreports on the longitudinal relationships betwéeaglobal additive manufacturing
market size and world GDP. Sectidnexamines macroeconomic mechanisms through which additive manufacturing
generates total output. Sectioffers insights based on those findings relative to cognitive sustainability. Seotidndes
conclusionsrecommendations foroficy action,and areas for future research.

Based upon our premise, vigpothesisehat additive manufacturing market growth is structurallycdeipled from
conventional business cycles and transmits influence on total output through new cagpaitivenic transmission channels
that support principles of sustainable development.
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2. Methodology

This research employs a quantitative longitudinal design that integrates secondary datzapiive statisticShe primary

dataset covers annual observations from 1990 to 2026 across two variables: world GDP (in trillions of USD) and global AM
market size (in billions of USD)

2.1. Datasources

The 19902024 world gross domestic product (GDP) datzre sourced from the World Bafikopen database (World
Development Indicators, series NY.GDP.MKTP.CDhominal USD. In 2025, we used an estimate of $1illidn from
the International Monetary Fund (IMF) World Economic Outlook, April 2026. The 2026 estimation of $dikidi6 is
from the IMF World Economic Outlook, October 2025.

Market data for additive manufacturing (AM) from 1990 to 2@2&e drawn from the Wohlers Report annual series
(Wohlers Associate8STM International). The Wohlers Report 2025 confirmed that the 2024 market size wabifiph.8
The Wohlers Report 2026 confirmed that the 2025 market size wasl$liér2. Ourestimate of the 2026 AM Market, at
approximately $31.2 billion, is based on a consensus estimate

2.2. Analytical methods

The analytical procedures applied in this study are based on standard descriptive and longitudinal ecahmeagand
are explicitly definedo ensure reproducibility. Yeawveryear growth rates for both the global additive manufacturing
market and world GDP were calculated as the percentage ctiangene year to the next

Market penetration of additive manufacturing was expressed as a share of world GDP by converting both series intc
consistent monetary units. Specifically, the AM market vaaxpressed in billions of USD, was divided by world GDP,
expressed in trillions of USD, and multiplied by 0.1 to obtain a percenfagmdexed growth series was also constructed
by normalising both variables to a common base year (1990 = 100), alldiréng comparison of relative growth dynamics
independent of absolute scale effect

Dataharmonisatiorwas required due to the integration of multiple sources. GDP data from the World Bank and IMF
were crosss/alidated for consistency in nominal terms, while AM market data derived from the Wohlers Reports were
compared across editions to ensure continuitgigfinitions. Estimated values for 2025 and 2026 were incorporated based
on IMF projections and consensus market estimates, and these were treated consistently with observed data while explicit
acknowledged as projections subject teaentainty.

All computations andrisualisationswere performed using Python 3.11 with the Matplotlib library. Data validation
included consistency checks across time series, identification of outliers, and verification of growth rates against publishe
benchmarks. The analysis remains primarily desiggp but the longitudinal structure allows for robust identification of
structural trends over time.

The analytical actions that were taken on the dat¢éharéollowing.

X Yearoveryear growth rates were estimated for both World GDP and the AM Market aalfogsarly
observations.

X The compound annual growth rates (CAGRs) for each of the four idergifi@dh phases1 9904999, 200Gt
2009, 20132019, and 202®025.

x Market penetration of the AM Market was expressed pareentage of the World GDP, which was calculated
by taking the amount of money in billions of dollars for the AM Market divided by the total amount of money
in trillions of dollars for the World GDP

x An Index of Relative Growth was createdth 1990 as the base year (18&) each of the two series, so that a
direct comparison could be made visually and quantitativetiief growth patterns.

x Historical data related to price changes over time for traditiofialP2inters (Laser, Ink Jet) andB Printers
(Industrial Plastic, Consumer FDM, Industrial Metal) were collected from various sq@@8surced, 2024;
UnionFab, 2023; AlI3DP, 2025) arstiandardisetb an Index = 100 based upon data from 1990.

All data processing and chart generati@mre completed using Python version 3.11 along with the Matplotlib Library.
The analysis is a descriptiviaferential analysis based upon longitudinal economic studies found within the sustainability
literature(Niaki andNonino, 207).
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The division of the analysis into four growth phases is not purely chronologica&flaats identifiable structural shifts
in the technological and institutional development of additive manufacturing. The first phase corresponds to early industrial
experimentation under high capital constrgithie second to sectoral consolidation and material diversification; the third to
technological diffusion driven by patent expirations and the entry of new famaisthe fourth to rapid expansion supported
by global shocks and poliegriven investment. This classification is therefore groundedddombination of technological
milestones, market developments, and institutional responses rather than arbitrary temporal segmentation.

2.3.Operationalisation of cognitive sustainability
To establish a direct analyticdink between additive manufacturing and cognitive sustainability, the concept is
operationalised usingbservable economic proxies. In this study, cognitive sustainabilidgfined as the ability of a
production system to increase output while reducing reliance on physical inputs by enhanesegathieformation, design
intelligence, and digital technologies.

Although these indicators do ndirectly capture cognitive processes, they provide a consistent empirical basis for
interpretingthe structural transition toward cognitiamensive economic systems.

24. Scope andimitations

The findings of this study are subject to several important limitations. First, the analysis relies on globally aggregated da
which necessarily obscures heterogeneity across countries, industries, and firm sizes. The economic effects of additiv
manufaturing may differ significantly depending on institutional context, technological capability, and sectoral
compoaosition.

Second, the dataset integrates both observed and estimated values, particularly for the years 2025 and 2026. While the
estimates are based on authoritative projections and consensus market analyses, they introduce an additional layer
uncertainty intdhe results.

Third, the analysis is conducted in nominal terms, whiizhot account for inflationary effects. Although this approach
ensures consistency across datasets, it may distortéomgcomparisons of real economic performance.

Fourth, the descriptive nature of the methodology limits the ability to establish causal relationships. While strong
correlations and structural patterns are observed, further research using econonprietdata methods would be
necessary to quantify causal effects rigorously

Finally, measurement uncertainty in market size estimates for additive manufacturing remains an inherent limitation due
to differences in reporting methodologies across sources.

3. Results

This section presents the empirical findings derived from the longitudinal dataset in a strictly descriptive manner.
Interpretative and theoretical implications are deliberately reserved for Section 4 in order to maintain a clear distinction
between obseerd results and their analytical interpretation.

3.1. Longitudinal market growth (1990£2026)
The overall AM markegrew from $0.03 billion in 1990 to $24.2 billion by 2025 (Wohlers Associates, 2026), an increase
of about 807fold over 35years. During that timeéhe world§ Gross Domestic Product (GDP) went from $22.6 trillion to
$117.2 trillion. The AMindustry$ share of world GDP has grown from 0.0000133 per cent in 1990 to 0.0206 per cent
2025. That represents arfluence approximately fifteen to fiftfive times greateon world GDP.

There have been four stages of AM growth based upon different technological and institutional factors driving growth
during these periods:

Initial Phase (199@31.999)The AM industry grew at a compound annual ratd&6% The first twenty years saw the
initial development of AM into an industrial tool capable of producing prototypes. Equipment costs were high, typically
ranging from$100,000 to $300,000

Consolidation Phase (200@2009) The AM industry grew at a compound annual ratd@f7% This phase of growth
included the aerospace and medical industries adopting serial production using additive processes. Metal powder and phot
polymer materials were added to the existing limited list of available matétietere 2015).
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Take-off Phase (201@019)The AM industry grew at a compound annual rat228% In this third phase of growth
there was an explosive number of new companies entering the industry. Several of these companies proxddertepen
designs for FFF/FDM machines and offereddoest equipment to consumers. By the end of this dedagdktop FFF/FDM
machines had dropped in cost fr&15,000 to under $200

Acceleration Phase (202@025)The AM industry grew at a compound annual rat©fo% A major catalyst for the
rapid growthin this fourth phase wake global response to the COVI® pandemic.

Governments around the world invested billions of doliaisupport their national economies by strengthedomestic
manufacturing capabilities. Additive manufacturing systemsnareasingly recogniseak part of emergency preparedness
plans for critical supplies. As such, servieesounted for 48%f the AM industry$ revenuéWohlers Associates, 2026).

To enhance transparency, all reported growth rates, index values, and penetration measures were calculated directly fro
the underlying dataset and can be reproduced using the formulas defined in Section 2.2. While the presemisiases
narrative interpretation, the data$estructure allows straightforward tabulation and graphical representation of these
indicators, which aravailable upon request.

3.2. Acyclical behaviour relativeto GDP

The most significant result was that market growwtthe AM industry outpacedorld GDP during all three major economic
downturns.During theglobal financial crisisof 20082009, world GDP declined by 5.2 per cent, and the Aharket
expanded from $0.70B to $0.80B, a 14.3 per aarease. In 2020~vhen the COVIB19 pandemiccausedvorld GDP to

decline in nominal terms, according to IMF estimates, therddvketincreased in nominal U.S. dolldrg 73.1% expanding

from $5.20B to $9.00B. This necyclic behaviour of AMindustryexpansion during times etonomic contraction provides
eviderce of its structural property as an emergency production tool and strategic investment category, and not a discretionar
industrial purchase.

From a cognitive sustainability perspective, this-egolical growth pattern suggests that additive manufactigdnges
as an adaptive production system capable of reallocating cognitive resourcescomdenic stress. Unlike capiialtensive
conventional manufacturing systems, which are highly sensitive to business cycles, additive manufactanrsyelevant
to production due to its flexibility, digital controllability, and low reconfiguration costs

3.3. Pricedemocratisation

The most significant structural force behind the rapid expansion of the global AM industry has been the draorajmigd
decrease in the cost of 3D printing technologynpared with traditional twdimensional (2D) printing technology. From
1990 through 2026, theost of entrylevel laser printers decreased by 98,4f6m approximately $2,395 to $38. For their
part, the costs of entigvel industrial plastic AM systems declinkey 99.9%over the same time frame, from approximately
$250,000 to $200. Wsg a 1990 = 100 basis for comparison, the price of industrial plastic AM equipment fell ray@fy
times faster thathat of entrylevel laser printing machines. The resultifogice compressiofwas largely driven by a series
of patent expirationbeginningin 2009 It greatly expanded the potential emskr base for AM, from a few thousand major
corporate users worldwide to hundreds of millions of individual consumers and business owners globddygdriimse
generated the additional demand regdito support the growth observed in each of the three stages of AM growth described
previously(Alzyod, Ficzere Borbas,2024).

In terms of industrial metal AM systems, which were priced at $800,000 in 1995, the initial entry point into this segment
of the market dropped to approximately $100,000 in 2026, an overall price reducli@rb®f Despite these declines in
pricing, metal AM systems remain unaffordable for small and mediusd enterprises (SMEs); however, the emergence
of several Chinesbased manufacturermcluding Farsoon, BLT and Eplus3D,deeating increasing competition and will
continue to accelerate downwardger movement for metal AM systemsotentially making them affordable for SMEs
(World Bank 2025.

This process can be interpreted as a kzgde expansion of accessible productive cognition. As the cost of entry declines,
an increasing number of actors gain the capability to transform digital knowledge into physical output, thereby extending
the distibution of productive intelligence across the economy. This diffusion mechanism represents a core empirical
manifestation of cognitive sustainability.
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4. Analysis
To clarify the interaction between additive manufacturing and macroeconomic performance, the three transmission channel
are conceptually integrated into a unified framework. This framework links technological capability to economic outcomes
through produtivity enhancement, market expansion, and resilientgle embedding these processes within the broader
concept of cognitive sustainability.

The three economic transmission channels identified in this section can be interpreted as specific mechanisms throug
which cognitive sustainability ieealisedin practice. Each channel represents a distinct pathiwaygh which cognitive
capabilities embedded in additive manufacturing technologies tramtiat®easurable economic outcomes.

4.1. Economictransmission channels
The results presented in Section 3 are consistent with achaltinel theory of AMs economic influence. Three primary
transmission channels are identified amalysedelow.

4.1.1 Total Factor Productivity (TFP) channel
Additive Manufacturing improves Total Factor Productivity in three ways

Part consolidation Complex multicomponent assemblies are now being produced as a single, consolidated part. This
results in reduced assemlbdyoour, fewer parts and lessened supply chain complexity. The GE Aviation LEAP Engine Fuel
Nozzle is an excellent example of this. It was originally made from 20 different parts and has been consolidesatgirto
titanium part; it also weighs 25 per cent less than its predecé&Sokviation claims to have already exceeded production
levels of over 40,000 of tke units annually (GE Aviation, 2024).

Designfreedom and topology optimisationAdditive Manufacturing allows for designs to be created using geometries
that cannot be achieved with traditional subtractive machining metBoftsvaredriven topology optimisatiohasled to
reported weight reductions of BD%, resultingn lower raw materials input per unit of output.

Compressinglead time Tooling requirements are eliminatedth additive manufacturing, so the desigraphysicalpart
process takes weeks or months rather timurs or days. As a result, the pace of innovation is acceleastgdhere is less
investment in the development process.

The mechanisms described above support Hfiterodel ofembodied technical changethatonce new technologies
are implemented, they increase overall productivity and, therefopeoveaggregatd otal Factor Productivity (TFP). The
increased global adoption rate of additive manufacturing (documengettion3) is evidence that producessridwide
are beginning to embed these productivity enhancemetiigsimexisting capital stock.

In this sense, improvements in total factor productivity enabled by additive manufacturing can be understood as direct
outcomes of increased cognitive efficienywhich better design intelligence and process control substitute for traditional
material and labounputs.

4.1.2 Newmarkets and distributed manufacturing channel

AM generates economic value by creating entirely new markets and business witldgls conventional equivalent.
Manufacturingasa-Service Maas) platforms, such as Materialise (Belgium), Xometry (USA), and Shapeways
(Netherlands/USA), generate productive capacity in geographic areas that previouslyrlankéatturing capability. They
also create output and jobs without requiring large amounts of capital to build a traditional fiotostry§ 2021 IPO
valued the company at over $1.5B, providgignificant market validation of this MaaS model.

A World Bank study (Freundet al, 2020) found that there has been an increase in trade related to hearing aids of
approximately 58% from the year prior to when AM was adopted into that product category and the subsequent ten year
after. This demonstratsthat cost reductions created by AM will expand both demand and trade associated with the products
being manufactured instead of reducing trade.

The emergence of distributed manufacturing models further illustrates how cognitive sustainability expands economic
participation by lowering the cognitive and capital barriers required to engage in production.

4.1.3. Supply chain resilience channel
COVID-19 presented an idedhatural experimeritto demonstratéM $ ability to provide resilient supply chains. In the
initial weeks of COVID19, within hours of the global outbreak, millions of face shields, ventilator parts, and nasal swab
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units were being printed around the globe. This demonstrated emergency response capabilities to prsduirg life
products on short noticehe most visible evidence of how responsive AM could be as a means of responcliisgs
(Javaid & Haleem, 2020), which was also reflected in the acceleration of the AM marketplace 28@@and 2021

The United States Department@éfence (DoD) invested approximately $300M into additive manufacturing in 2023; by
2024, this investment had increased to $797M (AM Research, 2024); these investments reffst2atigic assessment
that having additive manufacturing capacity distributed throughout the country represents critical ibefiestci@al base
infrastructure. Therefore, this geopolitical element of additive manufacturing acceptance indicates that it has both
technological and institutional reinforcement mechanisms, which wipart longterm noncyclic growth trends for
additive manufacturingrhus government investment will create a floor for additive manufacturing demand, regardless of
what the private sector may experience with respect to overall economic performance.

The resilience observed in additive manufacturing during crisis periods highlights its role as a cognitively adaptive system,
capable of rapidly reconfiguring production in response to external shocks.

4.2. Limitations and alternative explanations
Several caveats limdur interpretation. For example, the poyclical growth we see iBection3.2 may also represent an
impact from composition: given the relatively small size of AM markets when compared to overall GDP, it is possible for
yearoveryear increases in the amount of AM produced (even if they are moderate) to appear larger thad iexgents
of percentagehanges. This said, the fact that there has been a rouglplgrd@ntaggoint differential in theannualised
compound growth rate @GR), over many decades, about 22 per cent for AMiraund five per cent for GDI% unlikely
to be driven solely by compositional factors and likely represents some underlying structural factors.

Itis also difficult to estimat&FP § contribution at the macroeconomic level dueltxhk of appropriate dat®etermining
precisely how much productivity was affected would require conducting ramsonometric studies afidividual firms.

5. Cognitive sustainability framework

The empirical findings presented in this study provide multiple lines of evidence supporting the interpretation of additive
manufacturing as a cognitively sustainable technology. Rather than constituting an auxiliary conceptual layer, cognitive
sustainabity emerges here as an integrating principle that explains the observed structural properties of additive
manufacturing across growth dynamics, cost evolution, and economic resilience.

Cognitivesustainability DV LGHQWLILHG E\ =|OG\ HW DO SRUWUD\V VXVWDL
cognition issues: How can we deploy existing cognitive capabilities in society (i.e., including Digital Technologd4, Al,
etc.) tooptimiseresourceautilisationand extend productive capacities while enabling human value creationpladetary
boundarie® Cognitive Sustainability offeis particularly suitable lens for analysiadditive manufacturing.

AM fundamentallyconstitutes a form of cognitive technology: it transforms the digital design intelligence generated by
humans and/or, increasingly, by Artificial Intelligence (Al) into directly produced physical objects, effectively eliminating
the gap between productipfanning and product realisatiowith the advent of Abdrivengenerative desigfe.g., Autodesk
Fusion 360, nTopology), the cognitive aspect of AM has become even more pronounced. Specifically, modern AM systems
are increasingly receivingnstructions from Al algorithms thgberform geometric optimisation based on the design
requirements of the object being created, representiagfusion of artificial and biological cognitive systems with
HQJLQHHULQJ DSSOLFDWLRQV =|]OG\ HW DO

In terms ofcognitive sustainabilitythe pricedemocratisation oAM described in Section 3.3 represents a democratisation
of productive cognitive capacity. That is, the ability to convert digital desigagphysical products at neaero marginal
cost per additional design iteration is now accessible to individualsraatl and medium enterpris€SMEs) who could
not previouslymanufacture. This supports one of the principlesogfnitive sustainabilityhat for sustainable development
to occur theremust be a widespread distribution of cognitive tools (and not just a concentrated distribution among large
organisations

Additionally, the environmental component @dgnitive sustainabilitys also applicable. Studies examinilifg cycle
assessments of AM compared with traditional mass production methods demonstrate material efficien#idgpef 4&nt
These findings reflect the improveédognition” associated withtilising materials more effectivelyi.e., applying materials
in areas where they are structurally necessary according to computational analysis rather than producing unnecessa
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amounts of scrap or waste through subtractive processing. Additionally§ siyport forcircular economygoals ti.e.,
enabling the repair/refurbishment of parts #ieected energy depositioED) technologiestfurther expands upon the
cognitive sustainabilitgharacteristics of AM.

Taken together, the observed patterns indicate a systemic shift in the production function, where cognitive inputs
increasingly substitute for material and energy inputs. This transition is consistent with the core premise of cognitive
sustainability, nanig that longterm economic development can be achidveedxpanding and more efficiently utilising
cognitive resources rather thanfipportional increases in physical resource consumptionO €t \al.,2022).

6. Conclusion

This paper provides longitudinal eviderthat the additive manufacturing market grew at an exceptionally rapiclatiee

to global economic output between 1990 and 2025. The findings ssgyestiral patterns linkinthe expansion of additive
manufacturingo broader economic dynamics; however, these relationships should be interpreted with caution, given the
analysis$ descriptive nature

Firstly, the rate of growth in the AM market was aryclical with respect to GDP; i.e., during the two major recessions
since 1989 (the 200B9 Global Financial Crisis and COVID9), the AM market continued to grow at a high rate due to its
investment chracter and ability to be used as an emergency production tool. Thisyelital natureoffers important
portfolio opportunities for government agencies and private companies sézkiicgease their economic resilience.

Secondly, pricedemocratisation has been identified as the primary structural driver of the rate of adoption of AM
technologies and the resultiegonomic impacts. Th&250fold decline in the prices of industrial 3D printers compared to
traditional laser printers between 1990 and 2026 greatly increased the number of users, from fewer than a few hundred lar¢
corporations to hundreds of millions of potentigers. Each successive reductiothiacost of industrial AM equipment
will lead to additional in@ases in productivity.

Lastly, AM is a cognitively sustainable technologfyextends human productive cognition, reduces physical resource
utilisation, and democratises manufacturing capabilities, thereby contributing to the paradigm of cognitive sustainability,
which seeks to maximis« XPDQ YDOXH FUHDWLRQ JLYHQ UHVRXUFH FRQVWUDLQWYV

Thethree findings above suppdlte following policy recommendations.

First, governments should consider investingAN -related infrastructure in the sameay they invest in other
sustainability infrastructure, such as renewable energyalnlit transportation, including training, equipment sharamgl
research and development funding.

Second, basedn Eurostat (2024) data, there is a substantial difference in metal AM usage rates isetattemd
mediumsizedenterprises (SMEs) and large enterprises. Specifically, whilged ¢ent of large European enterprises use
metal AM, only 12 per cenbf European SMEgslo. This disparity represents the final barrier remlising the full
macroeconomibenefits associated with ARl productivity and sustainability advantages. Therefore, reducing this disparity
throughmeasures such as subsloysedequipment access programs, the establishment of digital manufacturing centres of
excellence, and vocational training curricula specifically designed around AM will ipieisurableo-benefits for GDP
and sustainability

Third, future research should buiteh these findings by employing panel data methamsssindividual countries and
sectors.

While the results highlight potentially important implications for industrial policy and sustainable development, the
conclusions drawn in this study remain indicative rather than definitive. Future research should aim to validate thgsse findin
using moredisaggregated datasets and causal inference methods, thereby strengthening the empirical foundation of th
proposed theoretical framework.

The contribution of this paper lies in demonstrating that the growth of additive manufacturing is not only a technological
or economic phenomenon, but also a structural indicator of the transition toward cognitive sustainability. The empirical
evidence sugests that additive manufacturing embodies a production paradigm in which knowledge, design intelligence,
and digital control progressively replace material intensity as the primary drivers of value creation. This interpretation
provides a coherent link beeen observed market dynamics and broader sustainability objectives, thereby offering a unified
framework for future research at the intersection of technology, economics, and sustainability science.
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Abstract

Sociospatial dynamicssuch as gentrificatiorgften result fromurban planning andevelopment processes that include public transport
investmentsThe construction of a new tramlifer light-rail transit, LRT) is one of the most impactful transport infrastrughuogects that

can be implemented withia territory. This work focuses on the fourth tramline in Bordeaux (Franb&h crosse8 suburban municipalities
with different accessibility and soegzonomic profiles. It aim® evaluate the impact of this project on multiple indicators: population density,
the socieprofessionakomposition of the population, average household income, and the number of poor houtehieldst a possible
gentrification process. Municipal dats well as gridbased data from the French national statistics institute, were used to obtain a global view
of citiesfdynamics, and a more precise view at a 2000 m cell scaleUsing aGIS tool and R for visualition, the evolution of those
indicators over the course of the implementation was studied. The results show an acceleration graetisityostevident in theperipheral
citiesfarthest from the city centre, as well as a subtle, nuanced increase in the proportions ofibighersocieprofessional group Gridded

data on the populaticiincome #ong the tran§ route yieldmixed conclusions: the study does not allow for the identificatioa diar
ongoing gentrification process. The research could be compigtedaluating otlr urban development indicators, such as housing market
trends, and by collecting more data on the years following the launch to establish thefipgmjgterm impat.

Keywords gentrification, public transport, tramlinétamway,attractive neighbourhood, socipatial dynamics

1. Introduction
In France, urbasationoccurred largely through the growth of existing cities since the 1950s (&ad&Tkstein,
1997) Over the past decade, approximately 80% of the population has lived in urban areas, reflecting a strong
concentration of inhabitants in metropolitan arédeneri, 2018).
1.1. Transport infrastructure development as a factor of special gentrification
Spatial gentrification refers to a process of neigihbood change charactsgt by the soci@conomic upgrading
of an area, typically through ther&al of higherincome households and the displacement or replacement of
lower-income populations. This metamorphosis of tdreitory $ social profileis often accompanied by changes
in housing markets and the built environmédtissonandDelmelle, 2018)Previous studies often describe the
proces as the result of interactions between multiple urban dysaaticer than a single cause, including transport
accessibility, land and housing market pressures, and public or private redevel@pat®ito et al., 2019)
Therefore, gentrification is the spatial manifestatiomtfan restructuring processes influenced by infrastructure
investment, neighbourhood rehabilitatiemd developmer(Bardaka et al., 2018)

Transport infrastructure is frequently identified as an important faetgentrification because it improves
accessibility and reduces travel costs relative to personal vetileg, 2017). Raibased systems, particularly
those integrated into transitiented development (TOD) strategies, @rhance neighbourhood appeeld
stimulate land development around stations (He et al., 2021). Improved accessibility may then be reflected in
higher property values and changes in residfsatsioeconomic profes (Bardaka et al., 2018). However, transit
investments do not systematically generate gentrification, as local demographic conditions and planning policies
also influence outcomég€rescenzand 5RGUtJXH](3RVH 3DGHLUR HW DO

In this perspective, transitduced gentrification should be understood as a contingent and edefmtdent
process, in which accessibility improvements act as a catalyst rather than a deterministic driver. ™pasaktio
outcomes depend on the irgetion between transport investment, housing supply conditions, planning
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regulations, and resident mobility strategies. This theoretical position guides the empirical interpretation developed
in the present study.

1.2.A study on a French city: Bordeaux$ 4" tram line

In 202Q tramline D was launched Bordeaux, a city isouthwesterfrrance Fig 1). The project was announced
publicly in 2009 construction began in 2017 and was completed in 2019, followed by theeti@d. In December

2019, the first section began operating, and in February 2020, the entire line was launcheg 3saraurban
municipalities outside of Bordeaykigne D du tramway de Bordeaux, 2026)

(@ ¢ res Cantinote Ligne () du tramway de Bordeaux
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Figure 1 Route of the tramline D in Bordeaux, Frarft@gne D du tramway de Bordeaux, 2026)

Bordeaux is Francg 9" largest city,with around 27®@00 inhabitants in 202¢Marin et al.,2024) and its
current public transport network has been developing since @@daset al.,2023). Regarding its mobility
profile, in 2021, 40% of intrdluros inhabitants used the car as time&#in mode of transport (the average for the
20 largest French citiestill, it was 64.4% in its agglomeration, ranking it thegkst of the 20. It wai the
lower half for the proportion of people using public transport within the Manalsinthe agglomeratiofAdeteg
n. d).

This project affects multiple cities (Bordeaux, Le Bouscat, Brugad EysinesHater referred to as 0, 1, 2, and
3 to indicate their distance from the city centre) and neighbourhoods, not on the same scale, depending on the
infrastructure route or the existing demograplaicthe beginning of the project.

The most recent LRT infrastructurehich is the focus of this stuglycrosses Bordeaux and 3 citiesthe
metropolitan areal he project traverses substantial portions of both Le Bouscat and Eysines, while entering Bruges
only alongthe municipal boundary.

The impact of this new infrastructure on the central city of the metropolitan area, Bordeaux, willast be
widely discussed as its effect on the suburban aneee many other transit modes were already operating before
its implementation, potentially leading to interference with the measured indiddimmsover, the city closest to
the cente also benefits from this extensive transport network, which might explaiowiee changes after the
opening of the tramline
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1.3. The study hypothess

The hypothesis investigated in this study is that the introduction of a new tramline within a metropolitan area
induces spatial gentrification, characsed by the settlement of highéncome social groups and an increase in
local living standards, particularly in areas located close to the tram route.

In addition to its urban and transport dimensions, this study is situated within the broader framework of
cognitive sustainability, which conceptusslé sustainability as the efficient wition and distribution of
knowledge, decisioimaking capacity, and informational resources within stedhnical systems. In this
perspective, transport infrastructuseich as tramway systems, not only modifies physical accessibility but also
reshapebow individuals perceive, evaluate, and sgilurban space. Accessibility improvements can therefore be
interpreted as a transformation of cognitive opportunity structures, influencing residential choices, mobility
behaviour, and longerm sociespatial orgargation.

1.4.Methodology overview

An LRT is considered to ba more structuring transit mode in urban planning than a bus, due to the permanence
of its infrastructure ' XEp HW D.Qhisleadsto more confidence in the sustainability of its attractivity, and

its capacity to influence significatively property value on its romieoducing an LRT service aldws a broader

impact, affecting value up to hundreds of meters around compared to less than a hundred for a Bus Rapid Transit
(BRT) (ZzhangandYen, 2020) A BRT system could affect the study if it is located neal.fR&, with a dedicated
lane(IngvardsorandNielsen, 2018)butthatis not the case in the focus territoRurthermore,tte other tramline

in Bruges is over km away from the studieareaand was launched in 20{bigne C du tramway de Bordeaux,

2026)

The following visualkation tools were used to identify the sediemographic dynamics created by the
constructionof a tramline in a neighlwhood and, consequently, the increase in accessibility, using indicators
such as population evolution, age group evolution, spaessional categories (later referred to as SPC),
inhabitantsfstandard of livingand housing prices.

2. Data sets, visuakation and moddling tools

The data used for this studye from the French National Institute of Statistics and Economic Studies (INSEE),
which provides access pwpulation evolution datior each municipality each yeaFhis data set contains many
precise categoriesuch as population in each age category, where the inhabitants lived the year befarestind,
importantly for our study, their SPC. To identify the possible impact on the terdetey collection starts with the
public announcement yeaf the LRT constructiomand ends in 2022, the last census year available at the time of
thestudy.

Moreover, the impacts of a project on a neigithoodat a more local scale were identified using drased
data and analgsl with the GIS tool. This data set was only availabl@drs, 2017, 2019, and 2021, which cover
the phases before and during construction, as well as a yedaafteh.

2.1.Indicators calculation using a GIS tool

2.1.1. Accessibility indicator

Accesgo urban opportunities is commonly modelled in the literature as a function of generalised travel cost, which
is a combination of access to infrastructure andehicle (herejn-tram) distance (Kapatsila et al., 2023). This
indicator, Accessibility(Eq. 1)was calculated using trehortestdistance from the center of mass of each square
area (2007 200m) to the tram stops (it was considered that the shiadistance was a straight line, between the

cell $ centroid and the stop, without accounting for parcel boundaries or street network constrditms)distance

IURP WKH FORVHVW VWRS WR WKH FLn\\)E)HTD&hbEL ceRtkaDsioX Wad Ghindd WK *p R 3
The weights foeach variable are based on tinee spent during each phasfethe journey(Wardman, 2004)with

access and waiting timegeighted more heavilthan invehicle time Table 1).Waiting time and tram operating

speed were derived from the published weekday timetable. Waiting time was estimated using the average
scheduled headway during weekd&/BM, n. d.) The access speed wsest to walking speed becausest daily
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public transport trips begin with a walking segment L O O Qafd Bidk Niblsen, 2026)Accordingly, the
catchment area represents users who access the LRT infrastructure on foot for their daily commute.
#20L t &GIIPPE sy, o Foltl® 1)
¥ippp V1o
where
# ?@s the accessibility calculated for a 20@00m squarearea
% o o dsdhe access speed to the transit meee on fodg
& ¢ o ajs the distance between the squenea$ centroid and the closest stop, disregarding street layouts
& o uis the average waiting time for the tram to aryive
& a¢ 56 a)S the summed distance from the closest tram stop from the sayeate the city cerne stog
%3 o 4s thetramoperatingspeed

Table 1 Datafor calculatingthe accessibility indicator

Project Tramline D in Bordeaux
°/ea©a(km/h) 18.2
% o o demth) on foot 4
6 o o(gnin) 75

This indicatorenabled the representation of the accessibility of each squeas a map (Fig2) and the
subsequent evaluation of its effects thie sociedemographic variables in each squarea From a transport
engineering perspective, the spatial distribution of accessibility reflects the combined influence of access time,
waiting time, and irvehicle travel time within the genersdd cost framework. The higher sensitivity of users to
access and waiting components implies that relatively smalttieds in these components may significantly
increase perceived accessibility, particularly in peripheral areas that were previously poorly connected. This helps
explain why the greatest relative impacts are observed in municipalities located furthérefnanipan coreThese
spatial differences in accessibility can also be interpretedifferentiated cognitive landscapes across the
metropolitan area. Areas experiencing larger accessibility gains benefit from a relative expansion of perceived
opportunities, which may influence residential attractiveness and location choices. This sraghvawvides an
additional explanatory layer for the observed redistribution of population andesmmomic groups.

I

i Legend
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o N Tram path
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Figure 2: Accessibility time of the city ceafrom each squarareaby the tramway (tram stop accessed on foot)
Source: won data
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This heammap gives an idea of how the triame § impact might be spreading acrtiss territory. However, the
furthest cities which were less accessible before the prd§eetrival, such as Eysines (the westernmost
municipality), are more likely to be affected by it, even thotrghel times aréonger than for citiesloser to the
central stop. On the contrary, the central city alrelagyextensive public transport infrastructure, so residents
living near the new tralime might not use this mode of tranfitasraian et al., 2019)

The accessibility formulation adopted in this study relies on geometric distances and uniform access speeds,
which simplifies the representation of rebrld travel conditions. This approach allows for a consistent and
transparent comparison across spatiats, but it does not account for network topology, intersection density,
pedestrian infrastructure quality, or multimodal interactions. Consequently, the resulting accessibility values
should be interpreted as approximations of relative accessililitgirthan precise travel times. Future extensions
of this work could incorporate netwotlased shortegiath calculations and multimodal accessibility measures to
more accurately capture the spatial structure of urban mobility systems and the intebattiees transervices
and other transport modes.

Froma cognitive sustainability perspective, the accessibility indicator used in this study may be interpreted as
a proxy for the cognitive effort required to accesban opportunities. Reductions in genesli travelcosts
effectively decrease the informational and decisitaking burden associated with daily mobility, thereby
expanding the set of feasible choices available to individuals. In this sense, accessibility improvements induced by
the trantine can be understood not only gains in physical amnectivity but also as enhancements in cognitive
efficiency within the urban system.

2.1.2. Averagehousehold income

Utili sation ofgrid-based data for each year and municipality affected by the project enabled measaféhgent
standarebf-living indicator. A GIS tool was chosen for this study because of the size of the data: it is @détailed
200 T 200-metersquares, usinghis scale for French data collection. The 35 variables on the age structure of
individuals, household and housing characteristics, and income are used to compare the same municipalities over
the course of the project restition. The maps were created for each year and disptaindicators: the number
of poor households (a variable available in the datasetlaverage household income.

A& 4= 4@

oyl At )

where
# * ¢is the average yearly household income for a 2200 m squarearea;
+ J @ J#® the sum of the winsaed living standards of individuals in the squarea;
0 >* s the number of households in the squaea.

The variable available for income calculation within the data set iStima of the winsosed living standards
of individuals’, +J 4@ JRwvhich is equal to the sum of the living standards aftersorisation for each 200
200m squararea Winsorsation involves replacing extreme values with threshold values to limit the influence of
outliers (Winsorisation, 2025)To obtain a more relevant indicator for our study (because the sum of living
standards is higher and almost homogenous in the urban area, whictodakésy a precise interpretation), the
Average Household Income was introduced (2), using the number of households in eachreguiine maps
obtained for this indicator allow for comparison between differensgshaf each project.
2.2.Data tidying and visualisation
This tool was first used to get an impression of the 3 population indicators (density, age groups and SPC
distribution). To calculate density evolution over time, the precise area covered by each municipality was obtained
in the 2022 annuaRBrench municipal administrative divisions based on OpenStre€tMlagpefile from the
national open data bagPata.Gouv.Fr n. d.) To assess changes relative to the year in which the project was
publicly announced, the data were normalised using that year as thad#3gli


https://doi.org/10.55343/CogSust.23730
https://doi.org/10.55343/CogSust.23730

@ https://doi.org/10.55343/CogSust.23730

AUU

& AJOFRIATY gy (3)

where
& A J OgHgxhe evolution of density for a certain city for the past year
2 K Is the population for the given year
2 K4 ds thin e population the year of throjectannouncement
#is the area of the municipality

The charts for SPC composition of the population are obtained from pivot tables filtered by municipality, to
identify differences between all those affected by the project.

It is important to note that the methodological framework adopted in this study is primarily descriptive and
exploratory. While it allowsdentification of temporal and spatial correlations betweeamline implementation
and socieeconomic changes, it does not establish causal relationships. In particular, the absence of a
counterfactual reference group limits the ability to isolatdrdr@ine § specific effecfrom broader metropolitan
dynamics. More advanced econometric approaches, such as differatifferences or synthetic control methods,
could provide a stronger basis for causal attribution and represent a promising direction for future research.

3. Results of the study

The four indicators chosen to identify a gentrification process linked to the arrival of a tramline were calculated
usingpreviously developed methods, and the results are presented below. They were then interpreted to analyse
the true impact othenew tramlinen the neighbothoods.
3.1. Density evolution
The density trends are strongly differentiatesioss municipalities (Fi@): the twocities furthest from the city
centre show a significant increase in density, while the closest city remainssiabhty

Before the tramline launch (in 2020 for cities 2 and 3), those 2 municipalities follow similar upward trends,
suggesting prexisting metropolitan expansion or suburlgation dynamics but without strong divergence.
Around theproject launch, we observe a shiifttrends across all three cities, especiallinges (municipality
2), where growth accelerates significantly. This timing suggests a possibtie fhkintroduction of the tram line,
which may have increased the attractiveness ofdisthnce ad peripheral municipalities by improving access to
the city centreThese areas likely benefit from better connectieityabled by this new infrastructure, combined
with lower land prices and greater residential availabilitycontrast, theentral municipality$ growth may be
restrained by housing market saturation and already extensive s@msiy (Higgins et al., 2014)

While this does notin itself, demonstrate gentrification, it suggests a restructuring of the tef§itgpgtial
attractiveness that can serve as a base mechanism for future spatial gentrification processes
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Figure 3 Density evolution of the 3 suburban cities crossed byéveLRT service

From a cognitive sustainability perspective, the observed increase in density in peripheral municipalities may
reflect aljustments in how households process spatial information and evaluateoffsa@denonglocation,
accessibility, and housing costs. Improved transport connectivity reduces perceived distance to the urban core,
effectively reconfiguring the mimpolitan areg mental mamnd enabling previously less attractive locations to
become competitive residential alternatives.
3.2.Socicprofessional categories
For the first project, in Bordeaux (announced in 2009, operating since 2020), the chasatisnalithe evolution
of socioprofessional categoriesf the population Kig. 4), the observation can be made that higher income
categories indeed come to settle over the years, suébxasutives, Intermediateprofessions or ¥etired”.
However, thedblue-collar workers categoryhas decreasenler the years. The impact of the projgdaunch can
be identified around 202@vith a sudden shift in trends amosgme groups. The most obvious example is in the
third city (furtherfrom the city centre), where thiexecutives trend replacethe blue-collar workers trend.
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Figure 4 Evolutionof socioprofessional categories representation in the 3 metropolitan cities affected by the project (Batfteaulgft
to right: closest to furthest frothe city cente
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These changes in sogiwofessional composition can also be interpreted as a selective response to enhanced
cognitive accessibility. Highancome and more mobile groups may be better positioned to reeagrd exploit
new accessibility advantagdeadingto differentiated spatial sorting processes. This suggests that cognitive
factors, such asccess to information and decisioraking capacity, may interact with economic variables to shape
the sociespatial effects of transport investments.

3.3. Standard of living

3.3.1.Number of poor households

As Fig. 5 shows, the number of Ieimcome households in the area studied was alreadgrltvan in the city
centre, allowing us to observe its evolution during the construction of the tramline and iendts However,
the prediction that this number would decrease over the course of the projdctngriiieatramlings not verified.
Theindicator$ evolution does not follow a specific trend, and some cells with morantmme households appear
along the trariine in 2021, where they were abs@mpreviousyears. This leads to the conclusion that this indicator
is not really relevant for this study
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Figure 5 Evolution of the number of poor households over the course of the project222115

3.3.2. Average household income (AHI)

The impact of the tram project on the populatiostandard of livings also evidenin the average annual income

of households along the trdéine. Figure 6 shows the evolution of this indicator over tinie parallel with the
project$ implementation stages. We observe that alorgyphth, even when the project is not completed, the
average income increases. This change is more drastic iartiiest city but is also observed in Bruges, where

the trantine only crosses the municipal bounda¥et, thisarea has a more significant evolution than the rest of
the territory. Finally, we can see thatBordeaux$ central city, average income increases alongrdmine,
particularly after its launch, right next to Le Bouscat (the southernmost suburban municiptditgver,the

effect is minimalat the river$ edge and beyond, which is related to the transit supply already being substantial in
the city centre
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Figure 6:Evolution of AHI over the course of the project: 262621

However, thedatase® temporal scope remains relatively short compaedhe typical duration of
gentrification processes. Soespatial transformations associated with transport investments often unfold over one
or two decades, particularly when mediated by housing market adjustments and regulatory frameworks. As such,
theabsence of clear displacement patterns in the present analysis should not be interpreted as evidence that such
processes will not occur, but rather as an indication that they may not yet be observable within the available time
horizon.

The increase in average household income observed alotrgutfi@e corridor may therefore benderstood
in partas a manifestation of cognitively driven spatial selection processes. As accessibility improves, households
with greater capacity to process and act upon new information about locational advantages may relocate to these
areas, reinforcing income gradiemtghout necessarily implying immediate displacement.

4. Analysis and discussion

The empirical findings can be interpreted through the lens of cognitive sustainatgflacting a broader
transformation in howrban space is perceived, evaluated, andsetili The introduction of the tram not only
alters physical accessibility but also modifies the cognitive structure of the metropolitan system by reducing
uncertainty, travel complexity, and perceived distance. These changes infioesedoldevel decisioamaking

and contribute to the observed patterns of sepatial reorgamsation.
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The results suggest a partial and heterogeneous relationship between the introductioriraf D in the
Bordeaux agglomeration and soapatial restructuring in the surrounding municipalities, rather than a uniform
process of gentrificatiarThe observed increase in density in peripheral municipalities, particularly after the launch
phase, is consistent with the idea that fixed rail investments can reshape urban residential attractiveness by
improving accessibility and reinforcing metropalit decentratation dynamics (Mohammad et al., 2013).
However, the absence of a comparable acceleration in the more central municipality suggests that the effects are
spatially selective andrepossiblydue to preexisting saturatioifHiggins et al., 2014

The evolution of socigrofessional categories provides more dirget nuancedevidence of soci@conomic
metamorphosis. The increasing share of higheome groups and the decline the number ofblue-collar”
workers in municipalities crossed by tianline areconsistent with transinduced socigeconomic restructuring
in TOD contexts (Bardaka et al., 2018). Nevertheless, attributing these changes soleliraolthe remains
methodologically limited.

Regarding thendicators of the standard of livinghe results are more ambiguous. While average household
income increases along the tram corridor, particularly in peripheral municipalities, the numberinédove
households does not exhibit a clear or consistent decline. This divergence suggiestsitteagrowth may be the
consequence of wealthier households settling more dhalirect displacement effects. The absence of a clear
reduction in lowincome households may also reflect the relativelyrtsipostimplementation observation
window, as transpoiihduced neighbarhood change is often slow and may unfold over one or two decades rather
than a few years (Rietveld et al., 2007).

In addition, the quantitative indicators used in this study do not camaidentdllived experience or the
micro-level mechanisms driving neighbourhood change. Qualitative approaches, such as interviews with residents,
analysis of housing market actors, or ethnographic observations, could provide valuable insights into perceptions
of accessibility, ngihbourhood desirability, and potential displacement pressures. Integrating such methods would
enable a more comprehensive understanding of the sociamiysassociated with transit infrastructure
development.

Taken together, the results suggest that transport infrastructure investments may function as catalysts of
cognitive reconfiguration within urban systems. By expanding the range of feasible choices and lowering the
cognitive cost of mobility, such investmis can indirectly shape soes@onomic dynamics and spatial distribution
patterns. This perspective complements traditional economic and spatial explanations and highlights the
importance of integrating cognitive dimensions into the analysis of urbasidraration processes.

5. Conclusion

This study demonstrates that the introduction of a samicecontributes to a reconfiguration of sodpatial
dynamics that can be interpreted not only thromgrovements in physical accessibiliyt also through the lens

of cognitive sustainability. The findings indicate that transport infrastructure modifies the cognitive environment
in which households make residential and mobility decisions, thereby influencing patterns of density, socio
profesional composition, and income distribution.

Overall, the findings support a cautious interpretationtrdr@ine serving theFrench city of Bordeaux and its
suburb appears to contribute to a certain reconfiguration of spatial attractiveness and theosmoitc profile
of the area, but the evidence for full gentrification, being the displacement anespatiad replacement dhe
original population, is not fully established.

A key limitation of this study lies in both its temporal scope and its methodological approach. The relatively
short observation period following the trime § implementationlimits the ability to identify longerm
displacement dynamics, while the descriptaralytical framework limits causal attribution. Consequently, the
findings should be interpreted as evidence of emerging -speitial restructuring patterns rather than definitive
proof of transitinduced gentrificationThis is consistent with recent empirical studies on rail investments in
European contexts, which emplsasthat accessibility improvements are a necessary but not sufficient condition
for gentrification,as outcomes depend strongly on larseé regulation, housing supply elasticity, and broader
metropolitan economic trends (Delmelle, 2021; Padeiro et al., 2019). A key limitation of this studyitges in
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temporal scope and in the inability to isolate the effect of this investment from other urban dynamics (independent
evolution of housing prices in the area and neighbourhood relimggel

Future research could benefit from other modelling taish as differenem-differences analysis comparing
municipalities that received new infrastructure with socially similar municipalities that did not, combined with
longerterm data to anag reliable dynamics.

Future research should aim to combine longitudinal quantitative analysis with causal inference techniques and
gualitative investigationt better capture the complexity of trarsitiuced urban transformatiariextending the
temporal horizon and incorporating comparative case studies across different metropolitan contexts would also
contribute to a more genersble understanding of how transport infrastructure interacts with-sgoimomic
and spatial dynamics.

The integration of cognitive sustainability into the analysis of transport infrastructure provides a novel
perspective that bridges transport engineering, urban studies, and sustainability science. Byirgniiteasdle
of information, perception, and decisiamaking processes, this approach offers new avenues for understanding
how mobility systems contribute to lostgrm urban development and seeiconomic transformation.
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