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Abstract: This study investigates the possible socio-economic impacts of Hyperloop technol-
ogy on establishing and reshaping EU trade routes. Hyperloop—a novel ultra-high-speed
transportation system—demonstrates the capability to achieve supersonic speeds to move
cargo and passengers. Delivering goods in a faster and sustainable way could change the
existing trade routes and offer new opportunities for the development of international trade.
This research focuses on assessing how Hyperloop may influence existing EU trade routes
by improving delivery times and reducing energy usage/carbon emissions (these terms will
be used interchangeably throughout the paper where both reducing long-terms costs and
meeting climate goals are equally impacted by this technology). Further objectives include
evaluating potential new trade routes that could emerge due to Hyperloop’s capabilities.
In this paper, twelve different scenarios are constructed and compared; these scenarios
contain the description of current EU trade routes that could be influenced by Hyperloop
and those that could be introduced given the improved delivery times and sustainable
business opportunities. The gravity model is proposed and an equation is estimated using
the PPML (Poisson Pseudo Maximum Likelihood) method based on Eurostat and IMF open
data. Based on the research results, different socio-economic outcomes for different layers
of EU trade, including negative and positive impacts, are identified. The findings suggest
that deploying Hyperloop technology would result in a 15% increase in exports and a 10%
increase in imports for European trade. Both positive and negative socio-economic impacts
are identified, highlighting the complexities of adopting such a disruptive technology. The
research results could be used in the process of decision-making for estimating risks and
performing economic analysis on various aspects of the EU trade policy. The study results
could also guide EU decision-makers in assessing the main impacts of Hyperloop technol-
ogy on the transportation industry, on the environment, and on society, in the context of
further developing EU trade routes.

Keywords: digital economy; transportation industry; European trade routes; Hyperloop
technology; sustainable transport; socio-economic impacts

1. Introduction

Hyperloop transportation technology—introduced in 2012 by (Tesla, 2012)—was de-
signed to use near-vacuum tubes where unmanned autonomous capsules are transported
at near-supersonic speeds using levitation (Bajor, 2024). Fully autonomous pods (capsules)
are able to reach the Kantrowitz limit—1223 km/h—i.e., top speed, without compromis-
ing sustainability. However, at higher speeds, the energy efficiency significantly drops
(Borghetti, 2023). Overall, this technology is considered to be close to zero-emission and
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carbon-neutral. Recent studies showed that Hyperloop can be distinct as the fifth stan-
dalone transportation mode due to its unique features and characteristics that make it
different from air and railway transportation (Ali-Yrkko & Kuusi, 2020). Currently, there
are more than 20 standalone Hyperloop projects in the EU, reflecting a growing interest in
this innovative transportation solution (Imamkulieva & Kondakova, 2022). Key features of
the new transportation mode are its ultra-high-speed velocity and near carbon neutrality.
Since 2012, the technology has met the standards of TRL6 (technology validated in the test
environment) (Gkoumas & Christou, 2020; Horizon, 2020). However, since the start of 2025,
there has been no deployed commercial version of Hyperloop technology.

In 2023-2024, Hyperloop technology received recognition from the European Union.
An EU regulatory framework proposal was announced in 2023, and intentions for its
adoption are highlighted in the European Parliament’s new plan for Europe’s sustainable
prosperity and competitiveness (PAR, 2025). The development of strategies for Hyperloop
implementation and promotion was prioritized by the European Commission in September
2024 (COM, 2024). This event influenced the European Hyperloop industry, resulting in the
joint efforts of multiple Hyperloop vendors. Several projects have demonstrated a tendency
to form new industry associations separate from the existing ones. Some Hyperloop projects
have been reintroduced. For example, the main Spanish Hyperloop developer Zeleros
(Zeleros, 2025) fully returned to the industry after nearly a year of uncertainty about the
project’s future. Then, Nevomo (Poland) (Nevomo, 2025), TUM Hyperloop (Germany)
(TUM, 2025) and Swisspod (Switzerland) (Swisspod, 2025) conducted successful Hyperloop
test runs, positively influencing the TRL. Swisspod demonstrated technology robustness
and failsafe features, building its new track in Colorado (Swisspod, 2025), while TUM
were able to transport passengers in a test run (TUM, 2023). The Nevomo project has
successfully validated MagRail (Nevomo, 2025) technology. Further, the German Institute
of Hyperloop Technology from Emden-Leer deployed a Hyperloop testing track, which is
already being used by other Hyperloop projects (IHT, 2025). Overall, 2024 was successful
for the Hyperloop industry in policy development and technical advancement perspectives.

Trade has been the driver of advancements in civilization since the Ancient World’s
first trade agreements. The impact of trade on human lives is colossal, ranging from wealth
and quality of life to survival (Stryhunivska et al., 2020). In the Ancient World, Greek
and Phoenician civilizations were built around trade. The term commerce originated in
the slave trade, impacting the social and cultural background of nations. Often, trade
commutes meant changes in the geographical landscape (Rumin et al., 2019). Rivers were
forced to change flow and water reservoirs poured to allow better trade conditions in
the Medieval Era. Trade routes significantly impacted urban and rural planning, which
ultimately led to the founding of new settlements and outposts to facilitate their needs.

The arrival of European civilizations in the New World in the 15th century was
motivated by trade and commerce. The international tea and coffee trade in the 18th and
19th centuries led to changes in international borders (Werner et al., 2016). Interestingly;
at that time, there was no transportation mode faster than a horse. The later introduction
of railways changed how goods flowed on a global scale and in international markets
(Premsagar, 2023). Even small changes in a nation’s trade can lead to significant effects on
a single human life, the nation, and even the geographic landscape.

Given the recent changes in the Hyperloop industry, the question has arisen as to
how the technology’s eventual commercial use will impact EU trade routes and whether
these changes will be positive or negative (Hsu et al., 2021). Transporting passengers and
cargo at 1223 km/h has the potential to revolutionize the way we transport people and
goods. It is faster than air (900 km/h) and rail (450 km/h) transportation modes (Armagan,
2020). Aside from its impressive velocity, Hyperloop has the potential to achieve zero-
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emissions and bring a carbon-free transportation solution to fruition. This study critically
evaluated positive and negative socio-economic impacts of Hyperloop technology on EU
trade routes. A complex Hyperloop infrastructure will include nodes, logistics centers,
terminals, and many other facets. However, this study focuses on the investigation of its
trade routes paths.

While Hyperloop technology projects promised ultra-high-speed, carbon-neutral
transport for both cargo and passengers, there is limited empirical evidence on how its
deployment would specifically influence EU import and export volumes or reshape existing
trade routes (Ma et al., 2022). Without a quantitative, data-driven understanding of these
potential changes, policymakers, industry stakeholders, and researchers lack the necessary
insight to evaluate the economic feasibility, logistical benefits, and risks associated with
integrating Hyperloop into European trade infrastructure (E. Polak & W. Polak, 2017). This
gap in knowledge is a barrier for the effective decision-making regarding investments,
regulations, and long-term strategic planning for Hyperloop adoption (Premsagar, 2022).

The research question formulated by the authors is as follows: How would the introduc-
tion of Hyperloop technology affect existing European Union trade routes, and what are
the primary socio-economic impacts anticipated from its deployment?

Accordingly, the main research goal is to assess the socio-economic impacts of deploy-
ing Hyperloop technology, estimating changes in import/export volumes, trade route
restructuring, and the broader economic and social implications for the European Union.

2. Materials and Methods

To identify the socio-economic impacts of Hyperloop technology on EU trade routes,
research methodology depicted in Figure 1 is proposed. It should be noted that the con-
ducted research is multidisciplinary in nature, covering economics and logistics disciplines.

Research methodology

Step1. Literature Step 2. Quantative 5| Step 3.Analysis
review assessment d and synthesis

Gravity model

PPML method
proposal

Figure 1. Research methodology overview (authors’ elaboration).

The research methodology was designed in three interlinked steps—(1) literature
review, (2) quantitative assessment, and (3) analysis and synthesis—aimed at systematically
capturing the socio-economic implications of Hyperloop deployment on European trade
routes. This structure followed a logical progression from theoretical contextualization to
synthesis and interpretative insights.

In the first step, existing studies and data sources were analyzed to establish the
current knowledge on Hyperloop’s socio-economic impact and strategies for evaluating
transportation’s impacts on trade routes. The literature review surveyed peer-reviewed
articles, industry reports, and policy documents on Hyperloop technology, including its
engineering principles, cost projections, and anticipated advancements. This examination
also covered studies on existing high-speed transport modes (rail, air) and their socio-
economic effects, thereby discussing potential parallels and methodological considerations
for analyzing Hyperloop. Emphasis was placed on identifying research gaps related to



Economies 2025, 13, 65

40f21

Hyperloop’s environmental impacts and its logistical feasibility in European contexts. The
outcome of this step set the theoretical and conceptual grounding for the quantitative
modeling phase.

In the second step, a quantitative assessment was conducted using a gravity model
framework augmented by the Poisson Pseudo Maximum Likelihood (PPML) method.
Quantitative assessment formed the core of the methodology to evaluate micro- and macro-
impacts. A gravity model—commonly used in international trade studies—was adapted to
incorporate potential Hyperloop variables.

This study primarily seeks to define how much trade flows would change under
different scenarios of Hyperloop deployment given known reductions in transit times and
energy usage. The standard empirical practice for capturing trade-cost-driven effects is the
gravity model (Anderson & van Wincoop, 2003). This is a cross-sectional study on bilateral
flows, which is precisely what the gravity framework was developed to address (Head &
Mayer, 2014). PPML then provides consistent estimates of the marginal effects of improved
connectivity on trade, which aligns perfectly with our aim of quantifying trade changes
due to a disruptive transport technology—Hyperloop—which is at a TRL6.

System dynamics (SD) is supposed to be well-suited for capturing feedback mecha-
nisms and long-term policy adjustments in the dynamic system evolution (Forrester, 1990),
but its focus on time-dependent behavior and endogenous loops does not align with this
study’s aim of estimating trade impacts. Those second-order dynamic interactions (e.g.,
technology diffusion, investment cycles, feedback on system behavior, etc.) are beyond the
immediate impacts this study aimed to quantify. According to (Forrester, 1961), SD is not
designed for static trade comparisons; SD models emphasize how policies and decisions
interact over time, rather than evaluating the comparative static impacts of a policy at a
fixed point in time. To summarize, the current research focuses on impact assessment, not
dynamic system evolution.

Key variables were reduced transit times and lower energy usage. Data from open
access sources (Eurostat, IMF) were utilized to populate parameters on bilateral trade
flows, GDP, distance, and other relevant trade cost factors for preliminary analysis prior
to the definition of exact variables for calculations. Scenarios enabled the capture of both
optimistic and conservative estimations simulating differing levels of Hyperloop adoption
(e.g., partial versus extensive network coverage). The PPML estimation method was chosen
to address exploratory analysis issues in trade flow data, thus enhancing model reliability.
The outcomes quantify how import and export volumes could shift across multiple EU
routes under Hyperloop’s influence, providing a data-driven perspective on trade route
reconfigurations.

The results from the gravity model were critically examined and compared against
the insights gleaned from the literature review at the analysis and synthesis phase. Key
metrics, i.e, projected growth in import/export volumes, changes in carbon emissions, and
shifts in trade corridors, were Madrid-Paris, Barcelona-Munich, Lyon-Milan, Rotterdam—
Diisseldorf, Berlin—-Warsaw, Paris—Vienna—Bucharest-Sofia, Milan—Vienna-Munich, Paris—
Brussels-Cologne, Madrid-Lisbon, Stockholm—-Copenhagen-Hamburg, Pan-EU Network,
and Warsaw—-Vilnius-Riga-Tallinn. By comparing different scenarios, it became possible
to identify areas of heightened socio-economic benefit and potential negative effects (e.g.,
displacement of existing transport sectors). The synthesis consolidated these findings
into a coherent narrative on the viability and consequences of Hyperloop deployment,
offering recommendations for EU policymakers, industry stakeholders, and future research
directions. Ultimately, the proposed approach allows authors to refine the understand-
ing of Hyperloop’s role in shaping next-generation European trade routes by combining
multidisciplinary qualitative (literature-based) and quantitative (model-based) insights.
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3. Literature Review

A literature review was conducted using the PRISMA method (Page et al., 2021). The
research methodology for the literature review is presented in Figure 2.

Step 3:
Database
search

Method:
Systematic
search

Result:
669 studies
identified

Step 1: Step 2:
Research Search strategy
question development
definition
Method: Method:

PICO Systematic
framework approach

Result: Result:

What are the Tag field
socio-economic strategy is
impacts of designed
Hyperloop
technology on
EU trade
routes?

Step 4: Step 5: Step 6: Step 7:
Study Data extraction Synthesis PRISMA flow
screening of findings assessment
Method: Method: Method: Method:
Duplicate Standardized Meta-analysis Meta-analysis
removal, data extraction and grouping and grouping
screening, based on study
review relevance
Result: Result: Result: Result:
480 studies Assessment of 96 full texts 53 studies
excluded socio-economic reviewed, processed
impacts; 53 studies
analysis of included in
PPML method review
applications

Figure 2. Literature review methodology (based on Page et al., 2021).

The PICO framework was used to identify the research problem (Richardson et al.,
1995), focusing on the population (trade routes), intervention (Hyperloop technology),
comparator (other transport modes), and outcomes (socio-economic impacts). A systematic
search strategy was developed to identify the relevant literature. Advanced search queries
using Boolean operators and field-specific tags were executed in multiple databases, in-
cluding Scopus, Web of Science, and IEEE Xplore (Table 1). The strategy was iteratively
refined to cover the most relevant results, to identify the research problems, and to address

the main research goal.

Table 1. Research strategy and yield of relevant studies (based on Page et al., 2021).

Search Query

Number of
Results

Notes/Observations

TITLE-ABS-KEY((“European Union” OR EU) AND
(“trade infrastructure” OR “transport innovations”
OR “economic impact”)) AND PUBYEAR > 2021

418

Large number of studies; crucial for framing
Hyperloop’s impact on EU trade
infrastructure and economics.

TITLE-ABS-KEY((“high-speed transport” OR
“railway” OR “aviation”) AND (“trade routes” OR
“international trade”)) AND PUBYEAR > 2021

115

High relevance for comparison with other
high-speed transport modes like railways
or aviation.

TITLE-ABS-KEY (“international trade” AND “general
equilibrium model”) AND PUBYEAR > 2021

73

Substantial research; valuable for trade
dynamics and economic modeling.

TITLE-ABS-KEY((“low carbon” OR “carbon neutral”
OR “sustainable transport”) AND (“Hyperloop” OR
“transport innovations”)) AND PUBYEAR > 2021

24

Good number of studies on sustainability
and Hyperloop; relevant for environmental
impact analysis.

TITLE-ABS-KEY (“transport costs” AND “gravity
models” AND “international trade”) AND
PUBYEAR > 2021

18

Relevant for understanding how transport
costs impact trade flows, supporting gravity
model methodology.

TITLE-ABS-KEY (“Free Trade Agreement” AND
“environmentally sustainable”) AND
PUBYEAR > 2021

Emerging topic; useful for linking trade
policies with sustainable transport
objectives for Hyperloop.
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Table 1. Cont.

Number of .
Search Query Results Notes/Observations
TI;E?";E? gll{agirag;zvgi Ieflc(())if)lmi?i\’{])? gggde Limited research on using the gravity
Y P 2 model with trade and transport; essential

TITLE-ABS-KEY(“PPML” OR “Poisson Pseudo
Maximum Likelihood”) AND PUBYEAR > 2021

TITLE-ABS-KEY/((“transport policy” OR “economic

feasibility”) AND (“European Union” OR EU) AND

(“trade routes” OR “socio-economic impact”)) AND
PUBYEAR > 2021

TITLE-ABS-KEY(“Hyperloop technology” OR
“Hyperloop transport”) AND
TITLE-ABS-KEY(“socio-economic impact” OR
“economic analysis” OR “trade impact”)

for your methodology.

Few studies focus specifically on EU
2 transport policy and feasibility regarding
trade routes.

Limited studies specifically address the
1 socio-economic impacts of
Hyperloop technology.

Research gap; limited studies on direct
1 effects of shipping networks on
trade volumes.

TITLE-ABS-KEY (“global shipping networks” AND
“foreign trade volumes”) AND PUBYEAR > 2021

By applying PRISMA method, 53 studies were identified for further processing. Table 2
provides a consolidated overview of the literature review results supporting the assessment
of potential socio-economic impacts of Hyperloop technology on European trade routes.
Each row corresponds to a thematic category and highlights key findings related to Hyper-
loop’s potential influence on areas—transit times, energy usage, industrial development,
and regulatory frameworks. References are listed for each category to demonstrate the
variety of academic work supporting or illustrating those findings. Taken together, these
categories capture the multifaceted nature of Hyperloop’s prospective role in reshaping
trade patterns, boosting competitiveness, and contributing to environmental objectives
within the European Union. Impacts are highlighted with the I<number> pattern and are
used in the analysis.

Table 2. Assessment of socio-economic impacts of Hyperloop technology affecting EU trade routes,
Iteration 1 (impacts are marked with I<number>) (authors” elaboration).

Category Key Findings References

- Faster transit times have a potential to reduce
overall shipping costs (I1) and enhancing supply =~ Ding et al. (2023); Ferrari et al. (2023); Ha

Trade Route chain reliability (I12) and on-time delivery (I3), and Seo (2014); Jamil et al. (2022); Jiang
Disruptions ultimately boosting EU competitiveness (14). et al. (2020); Meza et al. (2023); Sur and
and Shipping - New or reconfigured transportation corridors (I5) ~ Kim (2020); Vuki¢ and Cerban (2022); D.

may emerge, reshaping import/export patterns Yang et al. (2018); Zhu et al. (2023)

(I6) and logistics networks.

- Hyperloop’s carbon-neutral operations support
the Eu in meeting decarbonization targets (17),

Cari tal. (2021); H li t al.
providing first-mover advantages (I8) for ariou et al. ( ); Hermeling et a

Carbon . o (2014); Kang et al. (2022); Peng et al.
Emissions and stakehold.ers reducmg. CIISSIONS (I9). L. (2024); Scheelhaase et al. (2021); Sun et al.
Emissions - Under strict carbon—prl.cmg regimes, zero-emission (554 T et al. (2024); Wang and Kuusi

Trading Hyperloop could provide better GDP impacts (110) (2024); Xu et al. (2024); Y. Zhang and

compared to transportation modes non-compliant
with green policies, driving green logistics and
policy support (I11).

Wang (2024)
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Table 2. Cont.

Category Key Findings References
- Time-sensitive industries gain competitive edges on
cargo safety (112) through reliable deliveries. Bilici et al. (2024); Guo and Wang (2024); Li
Ultra-High- - Greater transport capacity at supersonic speeds etal. (2024); Liu et al. (2021); Meng et al.
Speed Impact stimulates industrial growth changes (I13), increasing (2024); Pinto et al. (2024); Sanchez-Matos et al.
Analysis trade volumes (I14) and attracting foreign direct (2024); Sanjuén et al. (2023); Wan et al. (2024);

on Trade Routes

investment (I15) (FDI) into regions connected by
Hyperloop. Increased trade volumes affect better
human need delivery, improving quality of life (I16).

J. Yang and Chen (2023); Yu et al. (2023); L.
Zhang and Wen (2024); Zhong et al. (2024)

Geopolitical
and Policy
Analyses

Major infrastructure rollouts like Hyperloop require
substantial policy coordination (I17), funding, and
regulatory alignment (I17) across EU member states and
partners, increasing cooperation between EU member
countries (I18).

Changing geopolitical alliances and evolving trade
agreements can expedite (or impede) Hyperloop’s
deployment, affecting regional integration and trade
resilience. And, on the contrary, Hyperloop stimulates
change in trade alliances (I19).

Aizenman et al. (2024); Cesar De Oliveira
et al. (2024); Hayo and Roth (2024); Jackson
and Shepotylo (2024); Nordas (2023); Ren
and Du (2024); Q. Zhang et al. (2024)

Gravity Models
and Transport
Costs

Reduced effective distance and shorter transit times
challenge distance-based trade assumptions in gravity
models, increasing overall trade flows (I14) for regions
connected (I20) by Hyperloop.

Transport cost reductions may re-distribute trade
benefits (I14) across large and small economies, altering
regional trade balances.

Besedes et al. (2024); Bolatto and Moramarco
(2023); Canbay (2024); Frensch et al. (2023)

Methodological
and Econometric
Tools

The identified advanced PPML model is necessary to
quantify the net economic gains of Hyperloop, isolating
its direct and indirect impacts on the complex EU trade
environment.

Export/import outcomes are evaluated through impact
on GDP (I10).

Time-series and policy simulation approaches help
capture how new transportation technologies reshape
trade networks, informing better infrastructure
investment decisions.

Doko Tchatoka and Dufour (2024); Kosztyan
et al. (2024); Latifi et al. (2024);
Martinez-Zarzoso et al. (2023); Y. Yang and
Liu (2024)

Emerging
Trade
Catalysts

Green enclaves and hybrid energy models underscore
the need for integrated, sustainable solutions,
positioning Hyperloop as a transportation mode in a
decarbonized economy (17).

Oil price volatility and market shocks accelerate the shift
toward faster, cleaner transport if policies and consumer
sentiment are supportive.

The digitalization (I21) and automation of trade routes (122)
lead to changes in the workforce (I123) to supply routes.

Bohmecke-Schwafert (2024); Elsayed et al.
(2024); Schoulund et al. (2024); Yalil1 et al.
(2024)

Land Use and
Infrastructure

Significant land acquisition, which can lead to land
alienation (I24), resulting in the displacement of local
communities and disruption of agricultural activities.
Extensive land use and resources. Rural regions may
experience economic challenges due to the concentration
of resources and investments in urban centers (125).

Ding et al. (2023); Ferrari et al. (2023); Ha and
Seo (2014); Jiang et al. (2020)
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The aim of the following analysis iteration is to derive impact categories and estimate
effects based on the literature review results. Impact categories and their effects are shown
in Table 3. In total, 25 impact categories are derived from the key findings (Table 2) and
are further refined with impact ID assigned. Impact ID contributes to the transparency of
mapping how each category was created.

Table 3. Assessment of socio-economic impacts of Hyperloop technology affecting EU trade routes,
Iteration 2: mapped impact category overview (authors” elaboration).

Impact ID Impact Category Assessed Impact Effect Dimension

n Change in Shipping Costs positive Financial

12 Supply Chain Reliability positive Logistics

I3 Supply Chain On-Time Delivery positive Logistics

14 EU Global Competitiveness positive Policy

I5 Enable New or Reconfigured Transportation positive/negative Policy

Corridors

I6 Reshape Import/Export Patterns positive/negative Financial

17 Decarbonization Targets positive Environmental
I8 First-mover Advantages positive/negative Financial

9 Reduce Carbon Emissions positive Environmental
110 GDP Changes positive /negative Financial
111 Green Logistics positive Environmental
12 Cargo Safety positive/negative Logistics
113 Industrial Growth Changes positive Financial
114 Trade Volumes positive Financial
I15 Foreign Direct Investment positive /negative Financial
116 Quality of Life positive Financial
7z Policies and Regulations positive/negative Policy

118 Cooperation Between EU Member Countries positive/negative Policy

119 Changes in Trade Alliances positive /negative Policy

120 Urban and Rural Regional Connections positive Logistics
121 Digitalization of Trade Routes positive Logistics
122 Trade Routes Automation positive Logistics
123 Changes in Workforce positive/negative Financial
124 Land Alienation negative Policy
125 Centralization positive /negative Policy

Summary: The literature review results highlighted the evaluation of changes in
import/export flows and potential GDP changes as the main criteria for impact assessment.
Further, the results showed complex and multifaceted socio-economic impacts of Hyperloop
technology on European trade routes. For better results, granulation research provided
the following dimensions of socio-economic impacts: financial, logistical, environmental,
and policy. Studies suggested that Hyperloop enhances supply chain efficiency through
reduced transit times (I1) and improved delivery reliability (I2) while enhancing global
competitiveness for the EU (I4). Furthermore, the carbon-neutral operations of Hyperloop
are aligned with decarbonization goals (I7), offering potential for green logistics and
reducing energy usage (19). However, the transformative nature of Hyperloop raises the
possibility of reshaping trade routes (I5, 16) and altering trade balances between economies,
presenting both opportunities and challenges.

The construction of Hyperloop infrastructure requires significant land acquisition.
Land acquisition can lead to land alienation, especially in vulnerable regions and/or in
rural areas. Research conducted by Ding et al. (2023) mentioned that large-scale infras-
tructure projects require extensive land use. This might result in the displacement of
local communities and disruption of agricultural activities. It aligns with findings (Jiang
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et al., 2020) that discuss how transportation projects can lead to conflicts over land rights,
particularly in rural areas where communities depend on land for their livelihoods.

The introduction of Hyperloop technology could deepen regional disparities. Ferrari
et al. (2023) argue that while urban areas may benefit from improved connectivity and
economic opportunities, rural regions may experience economic decline and increased
marginalization due to the concentration of resources and investments in urban centers.
This concern (D. D. Yang et al., 2018) emphasizes that transportation advancements can
lead to uneven economic growth, favoring regions directly served by new infrastructure
while neglecting others.

It should be noted that the results of this study are also indicative of some negative
effects of Hyperloop technology, including job displacement (123, 124), land alienation (124),
centralization, and regional disparities (I125) and others.

A critical research gap emerged regarding the empirical assessment of Hyperloop’s
socio-economic impacts, particularly in the European context. Existing studies extensively
addressed high-speed transport modes and their economic implications, but limited atten-
tion has been given to disruptive technologies like Hyperloop. Additionally, the integration
of Hyperloop into policy frameworks and its role in shifting trade alliances (I19) requires
further exploration. These gaps underscored the need for quantitative methodologies to
evaluate impact.

To address these complexities, the literature identified the Poisson Pseudo Maximum
Likelihood model as an econometric tool suitable for analyzing trade flows and the impacts
of reduced transportation costs and times and forecasting. The model’s ability to account
for zero trade flows and flexible parametrization made it suitable for isolating the direct
and indirect effects of Hyperloop adoption on EU trade patterns. By incorporating scenario-
based simulations, the PPML model could capture the projection of trade volume shifts
(I14) and GDP impacts (I10). This review confirmed that Hyperloop technology holds
transformative potential for the EU trade routes but requires quantified assessment for
forecasting. This advancement has the potential to support policymakers and industry
stakeholders to evaluate Hyperloop’s implementation viability from positive and negative
perspectives and guide strategic decisions, ultimately contributing to global sustainable
trade and EU competitiveness.

4. Empirical Assessment of Hyperloop’s Socio-Economic Impacts: Results
and Discussion

In this section, the authors present and discuss the results of the empirical assess-
ment of the possible socio-economic impacts of Hyperloop technology on reshaping EU
trade routes.

Results: The PPML model—as applicable to the Hyperloop domain—was chosen
to address the research question. The classic PPML model equation that can be used to
understand impacts on trade between two countries is presented below.

Inln (Tradei;) = ao+ arlnln (GPD;) + axln In (GPD;) + asln In (Distance; ;) + €;;s (1)

where Trade;;; is the export or import flow from country i to j in year t; €;;; is the error
term. To capture the effect of Hyperloop on the European trade routes, new variables were
introduced, and the baseline PPML specification for calculating export is as follows:

Tradej; = exp exp (Bo + B1lnIn (GPD;;) + Baln In (GPDj;) + B3

2
InIn (Distance; ;) 4+ B4HLjj; + B3ln In (TimeReduction;jy +1) 4 --- )+ € @)
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where Trade;;; is the export or import flow from country i to j in year t; B4 and B5 cap-
ture effect of potential Hyperloop connectivity on trade flows; exp exp ( ...) means the
exponential link for PPML is used; €;; is the error term. Following the research goal, a
comparison between state-of-the-art transportation modes utilized for specific scenarios
must be evaluated against the use of Hyperloop. The GDP amount is a fixed value and
thus does not affect the relative (percent) difference between currently used transportation
modes (further, baseline) and Hyperloop. Therefore, it could be omitted from the calcula-
tion formula, and instead, exact arguments which allow for capturing relative differences
were defined for comparison.

In order to quantify the potential impacts of Hyperloop technology on European
trade, 12 scenarios were proposed. Initial data for each corridor are shown in Table 4,
corresponding to the technical specification for Hyperloop TRL9 according to technical
specification by (Tesla, 2012). According to (Horizon, 2020), the lowest technical readiness
level is TRL1 (basic principles observed) and the highest is TRL9 (system proven in an
operational environment) (Horizon, 2020).

The second set of values was for Hyperloop at current state-of-the-art speeds according
to TRL achievements, i.e., TRL6 (technology validated in a relevant environment) (Horizon,
2020). These refer to operational speeds in the range between 600 and 1000 km/h (Unstudio,
2018). However, according to primary source data from the European Hyperloop Week
2023, the current operational speed is in the range between 350 and 500 km /h. This aspect
will be improved in the future; however, for realistic outcomes right now, it is better to rely
on these numbers. Therefore, an additional set of input data was produced (Table 5).

The next step was to predict exact numbers which would be used for export formula
(2) calculation, as the data provided in the sources have values in various ranges. The
Monte Carlo simulation method was chosen because this approach includes uncertainty
in parameter estimations rather than relying on deterministic or single-point values due
to a min-max range in source data. This method was employed by repeatedly sampling
probability distributions (Beta-PERT) that capture realistic ranges (min-max) and the most
likely values (mode) (Cinnirella & Pirrone, 2013; Gavrilin & Steen, 2017). Within the scope of
this study, an empirical distribution of possible outcomes was determined for the following
key variables: speed, emissions, and energy consumption. This approach produced the
best estimates, typically taken as the mean of the simulated samples, and it also allowed us
to quantify the extent of variability through percentile measures (P5, P95) (J. Yang, 2011).
The results of Monte Carlo simulations using Beta-PERT are shown in Table 6 for TRL9.

Results of Monte Carlo simulations using Beta-PERT are shown in Table 7 for TRL6.
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Table 4. Initial data setup for proposed scenarios, with Hyperloop at TRL9 operating velocity (authors’ elaboration).
. Distance Baseline Baseline Bas.elme Baseline Baseline HL Speed HL HL HL
ID Corridor (km) Mode Speed Time CO, Energy (km/h) Time (h) CO, Energy
(km/h) (h) (t/day) (MWh/d) (t/day) (MWh/d)
s1 Pan-EU 6000 Mixed 60-120 70-80 120-150  400-600  900-1000 67 3040 250-350
Network Modes
s2 Par‘s‘vwr‘sr(‘)";i‘f“‘:hm“‘ 2245  Mostly Rail  80-120 28-30 10-14 190-260 8001000 2.8-3.6  44-95  275-350
s3 Bﬁﬁf;a_ 1500 Road/Rail  80/120 16-17 35-45 150-200  900-1000 1.6 3.0-32 90-110
sS4 Milan-Vienna-Munich 1200  Mostly Rail ~ 100-110 11-12 28-35 120-160  900-1000  1.2-1.3 3-4 70-90
S5 - Warsaw= 1180 Road/Rail  80/110 12-13 30-38 120-160  800-1000  1.2-1.5 34 70-90
Vilnius-Riga—Tallinn
S6 Paris—Brussels—Cologne 1100  Mostly Rail ~ 110-120 9-10 25-30 100-140  900-1000 1.1 3.0-32 60-80
S7 Stockholm- 1000 Rail /Ferry  70-100 10-13 25-32 100-140  900-1000  1.0-1.2 34 60-80
Copenhagen-Hamburg

S8 Lyon-Milan 900 Mostly Rail ~ 110-120 8-9 18-22 90-110  800-1000  1.0-1.2 2-3 50-70
9 Madrid-Paris 800 Road/Rail  80/120 10-11 20-25 80-120  800-1000 1 2.0-22 50-60
S10 Madrid-Lisbon 750 Road /Rail 80 8-9 18-22 70-90 800-1000  0.8-09  2.0-2.2 40-50
s11 Berlin-Warsaw 600 Mostly Rail ~ 100-120 5-6 14-18 60-80 800-1000  0.6-0.7 1-2 35-45
S12 Rotterdam-Diisseldorf 500 Road/Rail  80/100 5-6 12-15 50-70 800-1000 0.5 1-2 30-40
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Table 5. Initial data setup for proposed scenarios, with Hyperloop at the TRL6 operating velocity (authors’ elaboration).

. Distance Baseline Baseline Bas.elme Baseline Baseline HL Speed HL HL HL
ID Corridor (km) Mode Speed Time CO, Energy (km/h Time (h) CO, Energy
(km/h) (h) (t/day) (MWh/d) (t/day) (MWh/d)
s1 Pan-EU Network 6000 11\\44;’:; 60-120 70-80 120-150  600-900 67 3040 6000 300420
s2 Par‘s‘vwr‘sr(‘)";i‘f“‘:hm“‘ 2245  Mostly Rail  80-120 25-32 190-260  380-470 25-35  90-140 2245 330-420
S3 Barcelona—Munich 1500 Road/Rail 80/120 16 3545 320-375 1.4-1.8 2-4 1500 108-132
S4 Milan-Vienna—Munich 1200 Mostly Rail 100-120 11-13 28-40 380-470 1.2-15 3-5 1200 84-108
S5 . Warsaw— 1180 Road/Rail  80/110 12-13 30-38 390-450 2.8-33 2-22 1200 84-108
Vilnius-Riga-Tallinn
S6 Paris-Brussels—Cologne 1100 Mostly Rail 110-120 9-11 25-35 380-450 1.1-1.5 2-4 1100 72-96
S7 Stockholm—Copenhagen- 1000 Rail/ Ferry  70-100 10-13 25-32 390-450 1.0-1.3 2-3 1000 72-96
Hamburg
S8 Lyon-Milan 900 Rail 110-120 8 18-22 390-450 1.0-1.4 2-3 900 60-84
9 Madrid-Paris 800 Road/ Rail  80/120 10 20-25 380420 0.8-1.2 1-3 800 60-72
510 Madrid-Lisbon 750 Road/Rail  80/110 8-10 18-27 380420 0.8-1.0 1-3 750 48-60
S11 Berlin-Warsaw 600 Rail 100-120 56 14-18 380-420 0.6-0.7 1-2 600 42-54
S12 Rotterdam-Diisseldorf 500 Road/Rail  80/100 5-6 12-15 380420 0.5-1.2 1-2 500 36-48
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Table 6. Monte Carlo simulation result for scenarios S1-512, n_sample = 10,000, with Hyperloop at TRL9 operating velocity (authors’ elaboration).

D Distance (km) Baseline Baseline Time Baseline CO, B];;Zi:gr;e HL . HL HL En}:.:gy
Speed (km/h) (h) (t/d) (MWhiq)  Speed (km/h) - Time () CO; (t/d) (MWh/d)
S1 6000 83.17 75.00 134.99 615.98 999.74 6.50 35.00 300.31
S2 2245 99.95 30.34 225.05 499.49 999.93 3.20 6.91 304.06
S3 1500 93.24 16.50 39.99 1016.42 1017.6 1.65 3.10 99.95
S4 1200 110.04 12.00 33.95 139.98 999.78 1.28 3.50 80.00
S5 1180 94.95 13.00 33.99 139.94 900.38 1.45 3.10 79.95
S6 1100 115.00 10.01 30.01 99.99 900.19 1.15 3.10 69.97
S7 1000 84.98 11.50 28.17 120.00 999.77 1.10 3.10 70.02
S8 900 115.02 8.50 20.00 100.00 900.22 1.10 2.50 59.99
S9 800 93.39 10.50 22.50 899.60 900.12 1.15 2.10 54.99
S10 750 91.68 9.00 22.16 79.98 900.14 0.89 2.10 45.01
S11 600 110.01 6.00 16.00 90.02 899.96 0.65 1.50 39.98
S12 500 90.02 5.50 13.50 68.41 900.10 0.52 1.50 35.00

Table 7. Monte Carlo simulation result for scenarios S1-512, n_sample = 10,000, with Hyperloop at TRL6 operating velocity (authors” elaboration).

D Distance (km) Baseline Baseline Time Baseline CO, B];?:lg;e HL TIi_InI:e HL Erifgy
Speed (km/h) (h) wd) (MWHh/d) Speed (km/h) () CO; (t/d) (MWh/d)
S1 6000 83.38 75.00 135.00 750.02 716.60 6.50 35.01 339.81
52 2245 100.01 28.16 224.99 418.34 428.34 3.00 118.15 375.23
S3 1500 93.33 16.50 39.97 347.55 349.09 1.60 3.00 120.07
54 1200 109.94 12.00 33.97 421.64 421.70 1.32 4.00 95.98
S5 1180 95.02 13.00 34.01 419.98 419.89 3.02 2.10 95.94
56 1100 115.00 10.00 30.03 418.54 411.89 1.30 3.01 83.98
S7 1000 84.99 115 28.16 420.22 420.09 1.18 2.50 82.00
S8 900 114.99 8.50 20.00 419.92 419.83 1.20 2.50 72.02
59 800 93.31 10.50 22.49 399.82 400.11 1.00 2.00 66.03
S10 750 91.66 9.01 22.15 400.06 400.01 0.90 2.00 54.00
S11 600 110.04 6.00 16.01 400.03 400.12 0.77 2.00 48.01

S12 500 89.94 6.00 13.49 400.05 400.03 0.95 2.00 41.99
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Changes in import/export volumes are shown as relative percentages through the im-
pact estimation of Hyperloop technology deployment to specific trade routes and through
comparison with existing transportation modes (baseline).

The impact estimation formula for evaluating the baseline transportation coefficient
developed by the authors is presented below:

(pg,l; = exp exp (zxo +aqlnin (Diy) + agln In ((T-BL) + agln ln (‘L’i]fL + 1) + ayln In (kgL + 1) + asln In (yg-L + 1)) 3)

ij
BL
it
transportation speed; TZ-?L is baseline transit time; kgL is baseline CO; emissions; y?}-L is

where ¢ is the baseline transportation efficiency coefficient; D; ; is distance; 05 L is baseline
baseline energy consumption; ay . .. a5 are regression coefficients.

The impact estimation formula for the evaluation of the Hyperloop transportation
mode coefficient developed by the authors is given below:

(pf]{tL = exp exp (zxo +aqlnln (Djy) + azln In <U$L) +aslnIn (Ti?L + 1) + ayln In <kf}HJ + 1) +aglnIn (yf]ﬂ + 1>> (4)

where q)g L is the Hyperloop transportation efficiency coefficient; D; is distance; Jf]ﬂ

HL
kij

is
Hyperloop transportation speed; q?L is Hyperloop transit time; is Hyperloop CO,
emissions; ;417 L is Hyperloop energy consumption; & . .. a5 are regression coefficients.

The relative percentage difference between baseline and Hyperloop identified by the
authors is as follows:

ot — ol

Aij(%) = ——5— ®)
Pijt

where A;; is percentage difference; (pf]{tL is Hyperloop transportation efficiency coefficient;
(pgﬁ is baseline transportation efficiency coefficient.

For calculating formulas, a special program was developed using the Python pro-
gramming language (Python, 2025); the code is available in the Supplementary Materials
section. The results of changes in transportation mode efficiency on a specific route after
the implementation of Hyperloop technology are presented in Figure 3; detailed results are
also available in the Supplementary Materials Section.

60

40

20

S1 S2 S3 S4 S5 S6 S7 S8 S9 S$10 S11 S12

HL TRL 6 vs. Baseline HLTRLO vs. Baseling e= «= TRL6 AVG = = TRL9 AVG

Figure 3. Changes in efficiency of Hyperloop against baseline transportation modes on specific routes
(authors’ elaboration) (%).
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Discussion: The average value of trade route efficiency improvement was 87.58%
for Hyperloop-TRL6 if the transition were to happen given the current state of devel-
opment. However, transition to the technology at its full potential at TRL9 showed an
additional 26.75% improvement, reaching 117.52% for Hyperloop-TRL9. The improvement
in results at TRL9 was due to its superior operational parameters, higher average speeds
(877.96 km/h at TRL9 versus 432.30 km/h at TRL6), reduced average travel times, and
reduced environmental footprint in terms of CO; and energy consumption.

The efficiency gains observed across scenarios revealed corridor-specific dynamics.
The results showed a potential increase in trade route efficiency from 59.41% (TRL6) to
117.52% (TRL9) by switching to the Hyperloop transportation mode. Interestingly, the most
efficient TRL9 route transition would be S3 (Barcelona-Munich, distance approx. 1500 km),
with an improvement of 117.52%. On the contrary, S1 (Pan-EU Network, distance approx.
6000 km) could be the least efficient, with an improvement of 100.83%. This is due to a
better interplay of transportation speed versus energy spent, more complex connection
points, and technical engineering factors. However, the difference in S2 and S6 was less
for TRLO.

The optimal route for Hyperloop is circa 1500 km according to the original Alpha
Paper (Tesla, 2012), especially in terms of energy efficiency. Also, according to (Siemenn
et al., 2023), the energy utilization of Hyperloop systems could vary with distance due to
the dynamics of propulsion and the need for acceleration and deceleration phases, which
have different impact on routes over longer distances.

Hyperloop technology is fundamentally reliant on a variety of subsystems to achieve
its operational goals, as highlighted in the original technology specification (Tesla, 2012).
These subsystems include the vacuum system, which minimizes air resistance; the tube
infrastructure that supports the pods; the pods themselves, which are designed for aerody-
namic efficiency; and the evacuation mechanisms that maintain the low-pressure environ-
ment necessary for optimal performance (Sakowski, 2016; Kale, 2019).

Critically, this reliance introduced uncertainty for the technological landscape of the
Hyperloop domain, because if any of the technology is replaced, then the whole background
is impacted; thus, efficiency at TRL9 could be different. Changes could happen to the effects
of the socio-economic impacts shown in Table 3, for example, if parts of the Hyperloop
subsystems were repurposed or restricted to use under changes in EU regulations or if
they became part of strategic imports, which would limit their use and affect the costs of
technology transition.

The findings of an empirical approach with the application of a custom PPML model
and Monte Carlo simulations showed the potential of higher technological maturity in
enabling economic and environmental benefits for EU trade routes. The input variables
presented a direct impact on route efficiency and highlighted the necessity to consider the
technology’s multidisciplinary nature during the transition of EU trade routes to Hyperloop
technology. Hyperloop is a strong driver of the evolution of sustainable transport.

5. Conclusions

In this paper, the main socio-economic impacts anticipated from the deployment of
Hyperloop on European trade routes have been categorized into 23 impact categories based
on existing research. Each category has been assigned a unique ID and mapped to the
corresponding positive or negative effect.

The assessment results presented in this paper have allowed the authors to provide
an answer to the research question and accomplish the research goal. The data for the
empirical study have been gathered using Eurostat; IMF and input variable values have
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been derived using the gravity-model framework and Monte Carlo simulation (BE-TA-Pert),
with n_sample = 10,000.

This study has proposed using impact the estimation formulas gog-lLt (3) and q)fj L) for
assessing the socio-economic effects. A special Python application has been shown to run
Monte Carlo simulations and calculate the impacts. Estimated changes in import/export
volumes are shown as relative percentages and were calculated through efficiency compari-
son of existing transportation modes against Hyperloop deployment at TRL6 or TRL9.

It has been estimated that changes following the deployment of Hyperloop at TRL6
and TRL9 to EU trade routes have a potential to achieve 87.58% and 114.35%, correspond-
ingly, based on mean values from 12 scenarios. This study has covered the following
trade corridors: Madrid—Paris, Barcelona-Munich, Lyon-Milan, Rotterdam-Dtisseldorf,
Berlin—-Warsaw, Paris—Vienna-Bucharest-Sofia, Milan—Vienna—-Munich, Paris—Brussels—
Cologne, Madrid-Lisbon, Stockholm-Copenhagen-Hamburg, Pan-EU Network, and
Warsaw-Vilnius-Riga—Tallinn.

The synthesis analysis performed in this paper confirms that the integration of Hy-
perloop systems has the potential for significant efficiency gains compared to current
transportation modes, particularly when the technology reaches higher levels of matu-
rity (TRL9). The efficiency gap between TRL6 and TRL9 underscores the importance of
continued technological advancement in the Hyperloop domain.

Outcomes derived from the gravity model framework and Monte Carlo simulations
suggest that Hyperloop could lead to positive shifts in EU trade patterns. EU trade patterns
are subject to change due to the socio-economic impacts of the transition to Hyperloop
technology, which offers route distances different from conventional transportation modes.
The socio-economic impacts may be both positive and negative in nature; consequently,
they should be carefully evaluated by the decision-makers.

A few challenges and uncertainties have been identified in this paper as well. The
technological complexity of Hyperloop necessitates policy coordination and regulatory
frameworks across multiple EU jurisdictions. Potential geopolitical shifts, variations in
member state priorities, and differences in fiscal capacities could have negative conse-
quences on Hyperloop’s adoption by the EU Member States. Further interdisciplinary
research that integrates engineering, economics, environmental science, and public policy
perspectives is required.

The proposed custom model for the empirical evaluation of Hyperloop technology
impacts could be further refined into a framework and used by decision-makers.

The following limitations may influence the outcomes and conclusions of the con-
ducted research.

This study does not cover the effect of the EU trade route transition to the Hyper-
loop transportation mode on specific countries” GDP, and it does not take granular socio-
economic data into consideration. This research does not produce any exact financial
export/import values in currency representation. Trade route scenarios are limited by
internal EU trade routes only and do not include international trade routes.

Psychological acceptance is not discussed in this paper, since it is associated with
the active embracing of subjective experience and is consequently more related to the
successful implementation of Hyperloop. Hyperloop safety and security issues are outside
the scope of this paper as they are linked to specific load types and feasibility studies of
specific Hyperloop projects. Nevertheless, the authors consider user perceptions and safety
concerns to be important factors in the context of Hyperloop technology implementation;
so, further research that would incorporate these dimensions is recommended. From the
transport infrastructure perspective, this study focuses only on trade routes and does not
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evaluate nodes, logistic centers, and terminals. The effect on capacity of load /unload cargo
infrastructure is not considered either.

Future research should include international trade routes and focus on integrating
granular socio-economic data, evaluating the technology’s direct impacts on a country’s
GDP. Upcoming modeling efforts (e.g., system dynamics or partial equilibrium models)
could address how evolving market conditions and adaptive user behaviors might amplify
or reduce Hyperloop’s impacts over time. The next step would be to design a roadmap
with exact timelines for Hyperloop technology implementation in EU trade routes based
on an assessment of its socio-economic impacts. To calculate the impacts of particular
Hyperloop projects is of particular interest and could be included in the further studies.

Supplementary Materials: The following supporting information can be downloaded at https://
github.com/pirrencode/hpl_trade_routes, app.py: Python Program; scenario_sim.py: Monte Carlo
Simulations; hl_efficiency_output_current_speeds.csv: Hyperloop efficiency, TRL6 comparison out-
puts; hyperloop_montecarlo_results_current_speeds_short.csv: Monte Carlo simulations results for
TRL6, compact; hyperloop_montecarlo_results_current_speeds.csv: Monte Carlo simulations results
for TRL6, detailed; hl_efficiency_output_high_speeds.csv: Hyperloop efficiency TRL9 comparison
outputs; hyperloop_montecarlo_results_high_speeds_short.csv: Monte Carlo simulation results for
TRLY9, compact; hyperloop_montecarlo_results_high_speeds.csv: Monte Carlo simulations results for
TRL9, detailed.
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