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Today, options to reduce the climate impacts of high-speed passenger transport over hundreds of kilometres
are limited to using low-carbon synthetic fuels in aviation and high-speed trains. In the future, alternatives
like battery electric airplanes might be available. Further, vehicles operating in near-vacuum tubes, so-called
“hyperloop systems”, could represent an alternative. Our first-of-its-kind environmental life cycle assessment
(LCA), considering its construction, operation, and end-of-life, shows that such a hyperloop system is energy-
efficient and can exhibit very low greenhouse gas emissions (<8 g CO,/pkm) if low-carbon sources provide
electricity for its operation and relatively high occupation rates can be realised. The environmental performance
of a hyperloop system can be regarded as very similar to that of a train offering the same transport service.
Compared to air travel, environmental burdens can be substantially reduced (<5% impact on climate change
compared to conventional aircraft). This fundamental finding holds despite uncertainties regarding technical

properties and design choices, which reflect the current development status of the hyperloop.

1. Introduction
1.1. Motivation

An increasing population and industrial activity in a globalised
economy have led to an ever-higher demand for the transport of freight
and passengers over increasing distances (Schafer and Victor, 1998).
The transport sector accounted for over 27% of global greenhouse gas
emissions (GHG) in 2019 (IEA, 2021) and these continue to rise rapidly,
mainly due to the rapid growth of air travel. For this reason, there is an
urgent need for low-carbon, high-quality public transport systems that
help reduce emissions while accommodating the need for long-distance
transport.

Transport by railway is often presented as the mode of long-distance
transport that emits the least GHG emissions. Although the latter
depends on the energy source to operate the railway system (i.e. diesel
or electricity) as well as its load factor (i.e., rate of occupancy), trains
generally carry goods and passengers with a limited environmental
footprint relative to other alternatives for long-distance transport (IEA,
2019; EEA, 2022). However, railways suffer from tight capacity con-
straints, and expanding their throughput or introducing high-speed
services often requires constructing new lines (Lindfeldt, 2015), which
have significant landscape and environmental impacts (Tuchschmid
et al.,, 2011). Furthermore, for conventional high-speed trains, most
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energy consumed is due to aerodynamic drag, which increases with the
square of the train speed.

Airports already reach their capacity limits (Herrera Garcia, 2017;
EUROCONTROL, 2018), while exhibiting the highest GHG emissions
per passenger-kilometre among available transport options (IEA, 2019;
EEA, 2022). The prospects to decarbonise aviation are not obvious. The
benefits of Sustainable Aviation Fuels (SAF) remain to be proven at
scale. Biomass-based SAF may compete with other sectors for feedstock
and land and lead to direct and indirect land use change-related GHG
emissions (Richter et al., 2018). Synthetic (electricity-based) SAF only
provides climate benefits when produced with low-carbon electric-
ity (Ueckerdt et al., 2021). Scaling up production will be challeng-
ing (Odenweller et al., 2022) and high demand for such electricity
makes them economically and resource-wise questionable (Ueckerdt
et al., 2021). Lastly, while non-CO, climate forcers associated with
aviation (primarily contrails and emissions of NOx) (Lee et al., 2021)
would be partially mitigated by the use of SAF (Burkhardt et al,,
2018; Voigt et al., 2021; Bier and Burkhardt, 2022) — via reduced
NOx and soot particles emissions — those may still represent up to
half of the warming caused by the European fleet by 2100, according
to Sacchi et al. (2023). Other technological advancements may reduce
aviation’s contribution to global warming, such as fuel cell and battery
electric aircraft. However, Miller et al. (2023) have shown that fuel
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cell electric aircraft offer limited GHG reduction benefits unless the
hydrogen is produced using biomass followed by carbon capture and
storage (a technological route that has yet to emerge). Renewable-based
hydrogen could reduce GHG emissions by 67% relative to an aircraft
powered with conventional kerosene. Nevertheless, this reduction is
insufficient to bring GHG emissions near the level of the system under
study. Regarding the battery-electric option, the authors could not find
any LCA studies for commercial aircraft. However, the development of
battery-electric options relies on significant progress in battery energy
density that is yet to be realised: Scholz et al. (2022) estimate a
minimum requirement of 1000 Wh/kg of battery cell (compared to
the current approximately 300 Wh) for an aircraft to cover short-haul
operations.

This study presents a potential alternative for long-distance trans-
port with limited GHG emissions: vacuum transport, often referred to
as “hyperloop”. Hyperloop systems carry passengers and cargo above
or below ground through low-pressure tubes, achieving a greater en-
ergy efficiency than trains through reduced friction and drag, thereby
providing a means for high-speed transport with lower energy con-
sumption.

To help reach climate neutrality within the transport sector (IPCC,
2022), the least GHG-emitting means of transport must be deployed
quickly. Life cycle assessment (LCA), a method to quantify environ-
mental burdens of a product system throughout its relevant life cycle
stages (Hauschild et al., 2018), is well suited to assess the environmen-
tal performance of different means of transport (Schéfer and Yeh, 2020;
Sacchi et al., 2022a; Borken-Kleefeld et al., 2013). This study presents
the first LCA of a hyperloop system, quantifying multiple environmental
indicators besides GHG emissions compared to existing solutions for
long-distance passenger transport, i.e. trains and intra-EU aircraft, all
with entry into service in 2040. This study gives insights as to whether
vacuum transport can play a role in the ongoing decarbonisation efforts
of transport.

Hence, the main research question to be answered by this anal-
ysis is the following: What is the environmental performance — in
terms of impacts on climate change and other environmental burdens
relevant for mobility technologies — of a future hyperloop transport
system from a life-cycle perspective, compared to alternative passenger
transport options like high-speed trains and aircraft?

1.2. Literature review

A vast body of literature quantifying the environmental perfor-
mance of passenger transport vehicles, modes and systems, most often
focusing on climate impacts, using environmental LCA (Hellweg et al.,
2023) exists: from (human-powered) micro-mobility (Oeschger et al.,
2020; Brand, 2021) to motorised private transport (Sacchi et al., 2022a;
Knobloch et al., 2020; Miotti et al., 2017), public transport on road
and railways (Jiang et al., 2021; Soukhov and Mohamed, 2022; Rupp
et al., 2019; Kortazar et al., 2021; Jakub et al., 2022), to aviation (Rup-
cic et al., 2023; Sacchi et al., 2023). Also, shared mobility concepts
and their environmental performance have been addressed (Narayanan
et al., 2020) as well as specific sub-components of transport systems
such as roads (Jiang and Wu, 2019). Common findings include the
fact that, if low-carbon electricity can be used, electrified transport
options exhibit lower climate impacts than their petroleum-based coun-
terparts (Sacchi et al., 2022a; Knobloch et al., 2020; Miotti et al., 2017;
Rupp et al., 2019; Jakub et al., 2022) and that occupation rates are of-
ten among the key factors determining environmental performances of
transport options (Borken-Kleefeld et al., 2013; Soukhov and Mohamed,
2022; Schaefer and Yeh, 2020).

When it comes to the evaluation of environmental impacts of
high-speed, ground-based (or underground) transport systems, peer-
reviewed studies are much more scarce, even though the number
of published papers addressing specific aspects of hyperloop trans-
port systems has risen considerably in recent years (Gkoumas, 2021;
Mitropoulos et al., 2021), as briefly summarised in the following.

Resources, Environment and Sustainability 17 (2024) 100162

In a multiple-criteria decision analysis (MCDA) from Jani¢ (2018),
high-speed trains, Transrapid Maglev (magnetic levitation) and hyper-
loop systems for passengers between Moscow and St. Petersburg were
examined with the result that hyperloop shows the best environmental
and economic performance, whereby only the energy consumption and
related GHG emissions in the use phase were considered.

Further analysis in terms of energy demand and emissions was
carried out by Hirde et al. (2022) who examined the possible routes
Mumbai-Pune, Dubai-Abu Dhabi and Chicago-Pittsburgh and con-
cluded that the hyperloop system is 40% more energy-efficient than an
aircraft per passenger kilometre for the Indian route, but three times
more energy-intensive than the E5 Bullet Train and the Transrapid
Maglev.

Furthermore, there is an analysis by Jani¢ (2021) of the direct
emissions and energy consumption of high-speed trains, Maglev trains,
hyperloops and aircraft for passenger transport. There, it was shown
that Maglev and hyperloop can achieve the most promising results
under certain circumstances, such as higher distance and capacity. Still,
it is also pointed out that the scope needs to be extended to an LCA for
more robust results.

While existing studies have explored aspects of hyperloop systems’
energy consumption and carbon dioxide emissions, a comprehensive,
transparent environmental LCA has not yet been performed. First, the
scope of these studies is limited to the operation phase, omitting the
systems supporting the life cycle of a hyperloop system (e.g., electricity,
steel, concrete, end-of-life treatments) that LCA considers. Second, the
existing analyses assume the hyperloop to be designed like envisioned
by Musk (2013) (28 passengers/pod, 1220 km/h), while developers
actually developing hyperloop systems today envision larger vehicles
and lower speeds (700-900 km/h). Third, the prospective nature of
such analysis is preponderant as hyperloop systems will operate within
conditions that are likely very different from today’s. The prospective
LCA framework used here considers the expected changes in the provi-
sion of products and services necessary to the life cycle of a hyperloop
system, most notably the supply of electricity, steel, cement and fuel
in Switzerland and Europe. Fourth, considering the promotion of a
specific means of transport based on low GHG emissions and energy
consumption, it is essential to weigh these advantages against potential
trade-offs regarding other environmental indicators presented for the
first time in this study.

2. Methods

Based on the guiding principles defined in ISO 14040/44 (ISO,
2006a,b; Hellweg et al., 2023), LCA allows to systematically account
for and characterise harmful emissions occurring during each of the
relevant phases of the life cycle of a product or service, from its
conception, through its production, use and down to its disposal. Such
scope is referred to as cradle-to-grave.

2.1. Goal and scope

The main purpose of this LCA is to determine the environmental
impact of the hyperloop passenger transport service over its entire
life cycle. The evaluated system is assumed to be set in Switzer-
land (Pareschi et al., 2023); thus, the production, use and end-of-life
(EOL) phases are all modelled as taking place in Switzerland.

The time frame is set between 2040 and 2065, representing the
approximate expected lifespan of hyperloop vehicles.

Since no datasets on hyperloop or Maglev systems are currently
available in life cycle inventory (LCI) databases, the complete hyper-
loop system is first designed and translated into a detailed LCI. Given
the large variety of proposed hyperloop solutions, a broad sensitiv-
ity analysis is then carried out to determine the impact of various
design choices on the overall energy consumption. In particular, dif-
ferent operational and acceleration strategies are tested, which lead to
adjustments in the LCI of pods (i.e., transport vehicles) and stations.
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Table 1
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Alignment of climate and techno-economic scenarios between global and Swiss perspectives. RCP = Representative Concentration Pathway.

1AM IMAGE Swiss energy perspectives 2050+

Scenario Explanation Scenario Explanation

RCP6.0 Global temperature increase to 3-4 °C —> WWB «Weiter wie bisher» (Business as usual)
RCP2.6 Global temperature increase to <2 °C — ZERO Basis Net zero GHG by 2050

RCP1.9 Global temperature increase to 1.5 °C — ZERO Basis Net zero GHG by 2050

Table 2

List of impact assessment methods, categories, indicators and units that are used in this study to evaluate the hyperloop system.
Method Category Indicator Unit
IPCC 2013 Climate change GWP100a g CO,-eq.
Environmental Footprint (EF 3.0) Land use Soil quality index dimensionless
EF 3.0 Resource use, minerals and metals Abiotic resource depletion (ADP) kg Sb-eq.
EF 3.0 Water use User deprivation potential kg world-eq. deprived
EF 3.0 Particulate matter formation (PMF) Impact on human health Disease incidence
EF 3.0 Photochemical ozone formation (summer Tropospheric ozone concentration increase kg NMVOC-eq.

smog)

Cumulative energy demand (CED) Biomass, fossil, geothermal, nuclear, Renewable and non-renewable energy resources MJ-eq.

primary forest, solar, water, wind

A smaller subset of hyperloop configurations is tested for the entire
life cycle impact assessment (LCIA). The reference hyperloop system is
also compared to alternative modes of transport: long-distance railway,
conventional aircraft and aircraft fuelled with synthetic kerosene.

Finally, sensitivity analyses are carried out with a focus on the
varying electricity mixes and occupancy rates.

The functional unit is one person-kilometre (pkm).

2.2. Life cycle inventory analysis

LCA relies on the use of process-based inventory databases that
describe man-made activities and the interdependence between them
(i.e., mutual exchange of material and energy flows) in an attempt
to define a technology-centred vision of the economy and its inter-
actions with the natural world (e.g., emissions, resource use). Hence,
LCA databases describe so-called background processes on which the
foreground system of interest (e.g. the hyperloop system) builds. For
this purpose, the database ecoinvent v3.8 and its system model “allo-
cation, cut-off by classification”, is used as the source for background
inventories (Wernet et al., 2016). However, the description for goods
manufacturing and service provision that ecoinvent provides accounts
for the use of today’s technologies, trade patterns and market land-
scapes and falls short of describing the performance of production
systems in the future. For that purpose, the Python library “premise”
is used to modify the ecoinvent database to align with the projections
of a given prospective scenario. In short, premise adjusts the invento-
ries of different economic sectors (i.e., electricity, cement, steel, fuel,
transport) to match the trends described in the scenarios of Integrated
Assessment Models (IAM) such as REMIND (Aboumahboub et al., 2020)
or IMAGE (Stehfest et al., 2014). This results in inventory databases
aligned with future policy scenarios for each year between 2005 and
2100 (Sacchi et al., 2022b). The readers can refer to PSI and PIK
(2023) for more information about premise. In addition to global
IAM scenarios, which include trends for the European region, premise
also implements Switzerland-specific projections for electricity supply
and import dependency according to the Swiss Energy Perspective
2050+ (Swiss Federal Office of Energy, 2023). This allows us to account
for expected changes in Switzerland regarding electricity supply and
other commodities imported from Europe (e.g., electricity imports,
steel) or elsewhere. Table 1 displays the scenarios explored in this study
and the alignment employed to match Swiss and global perspectives.
The reader notes that both RCP 2.6 and 1.9 are paired with Switzer-
land’s ZERO Basis scenarios to ensure a consistent narrative between
climate change mitigation efforts of the country and the rest of Europe
and the world.

Two additional tools are employed to carry out the LCA of this
study: Brightway2 (version 2.4.5), an open-source framework for LCA
modelling in Python (Mutel, 2017), and the Activity Browser (version
2.9.7), an open-source software for advanced LCA that provides a
Graphical User Interface (GUI) for Brightway (Steubing et al., 2020).

2.3. Life cycle impact assessment

The following impact assessment methods and categories with asso-
ciated indicators and units are used in the LCIA (see Table 2): Impacts
on climate change are quantified using the IPCC 2013 method (ecoin-
vent, 2022) using global warming potentials of individual greenhouse
gases for a time horizon of 100 years; The Environmental Footprint
method (EF 3.0) (Fazio et al., 2019) is used to quantify impacts of land
use on soil quality, resource depletion due to extraction of metals and
minerals, water use in terms of potential deprivation, particulate matter
formation on human health, and photochemical ozone formation on
human health; and, cumulative primary energy demand (ecoinvent,
2022), accounting for the primary energy content of all energy re-
sources used, is quantified as a measure of the overall energy efficiency
of transport systems.

The chosen categories were selected to provide a comprehensive
perspective on potential environmental impacts, encompassing effects
on human health, the ecosystem, and resource availability. While these
selected categories are presented in the paper, additional impact cate-
gories are also available in the Appendix for a more in-depth analysis.

2.4. Transport system modelling

2.4.1. System design

Hyperloop is a novel high-speed transport system where magnet-
ically levitating vehicles travel in a near-vacuum environment over
medium-to-long distances. This technology is designed to provide both
passenger and freight transport services. The main components are
visualised in Fig. 1 and described in Table 3.

Electromagnetic propulsion

Regarding the propulsion system, one possibility is that the track
actively propels the pod and, therefore, is equipped with a motor for
the entire distance; another option is that an onboard motor ensures
the vehicle’s propulsion. In this study, an active track is employed for
the acceleration phase due to the spatially concentrated high energy
requirements, and a passive track is used along the cruise to reduce
costs and environmental impact and simplify the construction process.
The pod is consequently equipped with a motor to propel itself during
cruise. Therefore, for this study, two linear induction motors (LIM) are
modelled: one in the launching section where the active stator is on the



P. Beckert, G. Pareschi, J. Ehwald et al.

-

Station:
e  Acceleration of pod
e  Station design
e  Power Management
. Docking Mechanism (Vacuum Interface)

Resources, Environment and Sustainability 17 (2024) 100162

Track: ) euroTuse

Structural Support (Tube) @
Low pressure environment
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Levitation
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Thermal Management
HVAC

Fuselage (vehicle body)

Fig. 1. Main parts of a hyperloop system with the corresponding defining components.

Table 3

Functionalities of a hyperloop system and technological concepts assumed in this study.

System Functionality Chosen option
Pod Propulsion during cruise Linear induction motor (LIM)
Levitation Electrodynamic Suspension (EDS) from the bottom
HVAC Onboard oxygen tanks and CO, removal
Thermal management Fuselage heating and phase-change thermal storage (ice-water)
Fuselage Mostly carbon-fibre-reinforced polymers (CFRP)
Lateral stability/Turning Attractive
Track Structural part (Tube) Concrete
Vacuum assurance Concrete + Liner
Rail Aluminium
Vacuum generation Pumping system
Segments connections Silicone joints
Safety and reliability Bypasses and valves
Station Low pressure interface Airlock (Valves + Pumps)

Acceleration of pod
Braking energy recuperation®

Track-side acceleration via LIM
Track-side with LIM analogous to acceleration

2 Mechanism to recuperate the kinetic energy in the braking stage.

track and the rotor is a fin installed on the pod, and another where the
active stator is on the pod and the track is equipped with the rotor-like
fin.

Electromagnetic levitation

This study adopts the electrodynamic suspension (EDS) principle us-
ing high-temperature superconductors (HTS). The pod is equipped with
magnets that glide over a conductive rail. When the rail changes in the
magnetic field due to the passing pod, eddy currents are generated that
counteract this change and thus create a field opposite to that of the
pod, causing the vehicle to be repelled and levitate. The advantages of
this technique are that (a) the system is intrinsically stable, i.e. the force
acting on the pod when pushed out of equilibrium height counteracts
the change, and (b) the track can be built on the bottom of the tube,
allowing for a cheaper and simpler construction, while at the same
time allowing for an entirely passive switching system. In this study,
the EDS model developed in Hao et al. (2019) and Dong et al. (2019)
has been employed due to the availability of sufficient technical data.
This includes the non-negligible electromagnetic drag induced by the
system, which the authors characterise as a function of the speed (Hao
et al., 2019).

To maintain the superconductive properties of the coils, these are
assumed to be submerged in a liquid nitrogen (LN,) bath at 77 K.

When the pod travels below a threshold speed (about 30 km/h), the
lift generated is no longer sufficient to counteract gravity. As a result,
landing wheels are needed.

Tube

The tube can be divided into the following subsystems:

structural element, which is a cylindrical tube made of steel-fibre-
reinforced concrete (SFRC) with post-tensioning steel bars,

a polymeric liner wrapped around the tube that improves its
impermeability to air,

silicone joints which are used to connect 40-m segments of con-
crete tube,

aluminium rails that provide the conducting base for the EDS
system and lateral stability,

concrete sleep upon which the rails are installed,

an aluminium fin that serves as a passive rotor for the pod-side
LIM,

large vacuum valves to access the tube from the outside or
potentially split the vacuum environment into separate isolated
sections.

The concrete tube has an external diameter of 4.8 m and an internal
diameter of 4.4 m. A pod diameter of 3.4 m — which comfortably
allows for 4 to 5 seats abreast — results in a blockage ratio of 0.6. The
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Background System
Resources Materials Energy Infrastructure Transport
Foreground System
Manufacturing Phase Use Phase End-of-Life
Operational .
Pod Eloee Disposal Pod
Tube Maintenance Disposal Tube
— — —— Waste
Station Operational Fluids Disposal Station
Non-exhaust
Emission
Recycled P Material
Materials Recovery

1 pkm Transport by Hyperloop

Fig. 2. Structure of the LCI of the hyperloop system. This diagram is a simplified illustration and does not represent all connections between the system components.

blockage ratio (BR) is the ratio between the cross-sections of the pod
and the tube, and it is a measure of the filling degree of the vehicle
inside the tube; the results in Section 3.1 show how impacting this
metric is on the vehicle energy consumption due to the aerodynamic
drag'. Additionally, the tube itself is supported by pillars, which are
six m high and have a span of 40 m to allow for the utilisation of space
underneath it, although this aspect will need further evaluation.

2.4.2. Design scenarios

The product system can be divided into foreground LCI and back-
ground LCI (Fig. 2). The foreground system encompasses the product’s
three main life cycle phases, i.e., the hyperloop transport system: manu-
facturing, usage, and EOL. It represents all processes directly influenced
by decisions made within these phases. On the other hand, the back-
ground system models all inputs to and outputs from the foreground
system, encompassing processes indirectly affected by decisions related
to the foreground system.

In this study, three different foreground systems are modelled and
analysed:

1. Reference case, with track-side acceleration and recuperation.

2. Pod-side acceleration and recuperation, where the vehicle is
responsible for propelling all journey phases.

3. Steel case, analogous to the reference case with the concrete tube
replaced with a steel tube.

Scenarios 1 and 2 differ in the size of the pod’s propulsion system,
hence its weight, and the presence of a track-side motor for both
acceleration and deceleration in Scenario 1. Scenarios 1 and 3 differ
in the main material employed to construct the tube.

The background system is the same for all cases, with changes only
in the energy and material flowing into and from the foreground system
(including recycling).

1 The inner tube diameter has been set to 4.4 m to allow in principle the
travel of freight pods that transport standard FEU and TEU shipping containers.
However, the current analysis has neglected the LCA of freight transport.

An extensive description of the LCIs generated during this study is
available in Appendix.

2.4.3. Energy consumption modelling

The first step for the construction of the LCI is the derivation of
the operational energy demand of the system, as this affects both the
direct energy consumption and the propulsion equipment’s power and
material requirements. The different sources of energy consumption are
visible from the breakdown of the bar on top in Fig. 3. In principle,
a hyperloop system has two main energy needs: vacuum pumping the
tubes to maintain a constant low-pressure environment and the propul-
sion of the vehicle. As measured in in-house experiments, the former
process is defined as “vacuum assurance” and is set to counteract
air leakage through the concrete-liner walls. Related to the vacuum
assurance is the operation of the airlocks for the pods to transit from
ambient- to low-pressure environments.

The propulsion of the pods instead needs to counteract three forces:
aerodynamic drag, electromagnetic drag and inertia of the vehicle.
Aerodynamic drag arises despite the low-pressure environment due to
choking conditions that arise between the pod and tube inner walls at
high speeds. The aerodynamic drag is primarily due to the pressure
differential that emerges between the front and back of the vehicle.
The exact aerodynamic drag has been derived for the reference set-
up with a detailed 2-dimensional computational fluid dynamic (CFD)
model simulated on Ansys Fluent (see Appendix for details). Drag
values for other cases with varying speeds or blockage ratios have been
subsequently extrapolated with Table 2 from Bizzozero et al. (2021).

The electromagnetic drag arises from the EDS system and is re-
lated to the lift it generates. The lift-to-drag data from Hao et al.
(2019) estimate the electromagnetic drag induced at different travelling
speeds.

The inertia is the force required to accelerate the vehicle to the
top speed, and it is only partially recuperated in the braking stage
due to the conversion losses. The “track-side acceleration” block in
Fig. 3 accounts for all the energy supplied by the launcher; it includes
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Energy consumption breakdown
Batt. cell energy density [Wh/kg]
750 « 500 - 250

LIM power density
X2 « X1 - x0.5

Electromagnetic lift-to-drag ratio
X2 « x1 - x0.5

Drag-induced pod heating
20% « 50% - 80%

Tube air leakage
X05 « x1 - x2

Cruise speed [km/h]
600 « 900 - 1200

Tube air pressure [mbar]
1 « 10 -» 50

Blockage ratio
0.36 « 0.6 - 0.83

Pod pax capacity [pax/pod]
200 « 70 - 28

Load factor
100%¢« 80% - 60%

Pod range [km]
100 « 300 - 600

Pod acceleration rate [m/s?]
05 « 1 - 2

Pod acceleration system
track-side «— pod-side
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B Aerodynamic drag

W Electromagnetic drag
W Auxiliaries onboard
B Batt. losses

M Track-side Launching

B Cooling onboard
Cooling at station
Airlocks
Vacuum assurance
Brake recuperation

Technical properties sensitivity
Design choices sensitivity

0.0 0.2

0.4 0.6 0.8 1.0
MJ/pkm

0.0

0.2 0.3
kWh/pkm

Fig. 3. Top bar: Breakdown of operating energy consumption per pkm for the reference case. Lower bars: impact on the total energy consumption of different input design settings;
each row explores a different dimension: first and third values next to the y-axis correspond to the left and right margins of the bars, the dashed line captures the second value

and indicates the reference case.

the power to overcome the inertia and the drag during the accelera-
tion phase. Additionally, supercapacitors were used for peak-shaving,
although they are not the primary focus of this work.

The supply of the propulsive power to the vehicle’s LIM requires
multiple energy conversions from and to the battery stack both inside
the vehicle and when charging at the station: these additional energy
losses are accounted for in the “Batt. losses” segment.

Finally, all conversion losses and most drag lead to continuous
vehicle heating. This is partly taken care of by the fuselage, which can
heat up by some degrees and is then cooled at the station. The onboard
phase-change thermal storage absorbs the remaining heat. This storage
is also regenerated at the station, but its electricity demand is labelled
“cooling onboard” in Fig. 3.

2.4.4. Exemplary use case

The above-ground tube is assumed to have a total length of 300
km, representing the distance between the Swiss cities of Zurich and
Geneva. To compare the results to other modes of transport, an occu-
pancy rate of 80% is employed, which is equal to the one assumed
in aircraft (Notten et al., 2018)%. Sensitivity analyses are conducted
to explore the impact of varying occupancy rates on the LCA, and the
results are presented in Fig. 8.

The main technical and scenario parameters employed in the study
are summarised in Table 4.

2 The occupancy rate — also known as load factor — is the average number
of passengers per available seat.

3. Results
3.1. Operational energy consumption

Fig. 3 shows the specific operational energy consumption per pkm
for the reference system (first bar on top) and various sensitivity scenar-
ios (subsequent bars below). The breakdown of the energy consumption
by source is also provided for the reference case. Despite the lower
environmental pressure in the tube, the aerodynamic drag is still a
significant source of energy consumption due to the high speed and
blockage ratio, which makes the pod surpass the Kantrowitz limit. In
these conditions, the vehicle behaves similarly to a piston, pushing
air forward and creating a pressure difference between the front and
back of the pod; rather than from friction, most of the aerodynamic
drag comes from the effort to overcome this pressure difference. A
second important source of energy consumption is the electromagnetic
drag induced by the EDS levitation. This component is particularly
critical since it generates reinforcing feedback loops for any additional
energy consumption: the more energy consumption there is, the larger
the battery, the heavier the pod, the more electromagnetic drag, etc.
The launcher also takes a large share of the energy consumption to
accelerate the vehicle to the top speed; however, in this phase, the
launcher also works to offset the aerodynamic and electromagnetic
drags, with the latter being particularly penalising at lower speeds (Hao
et al., 2019). Interestingly, the pumping energy to maintain the vacuum
represents only a marginal share of the energy consumption, thanks
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Table 4
Main technical and scenario parameters assumed for the hyperloop system.
Parameter Value Source
Traffic and Kinematics
Cruise speed 250 m/s Own ass.
Acceleration/deceleration 1 m/s? Own ass.
Minimum headway 25 s Emergency deceleration of 5 m/s?

Traffic capacity (in one direction)
Traffic demand (in one direction)

10 000 pax/h
84 330 pax/day

Load factor 80%
Line length 300 km
Time to manoeuvre in stations (incl. airlocks) 300 s
Time for boarding/disembarking 900 s

Derived from headway and pod size®

Daily road and rail traffic between Zurich and Bern
As airplanes (Notten et al., 2018)

Own ass.

Own ass.

Own ass.

Pod

Fuselage mass

140 kg/seat

Average from narrow-body airliners”

Outer diameter 3.4 m Own ass.

Total mass (track-side acceleration) 19.0 t Own calc.

Total mass (pod-side acceleration) 325t Own calc.

Blockage ratio 0.6 Derived from pod and tube diameters

Passenger capacity 70 seats/pod Own ass.

Share of drag energy heating the pod 50% Fluid-dynamic simulations

Efficiency of onboard propulsion motor 90% Own ass.

Lift-to-weight ratio of levitation system 62 Derived by the authors based on (Hao et al., 2019; Dong et al., 2019)
Lift-to-drag ratio of levitation system Speed-dependent, up to 60 Derived by the authors based on (Hao et al., 2019)
Heat capacity thermal battery 334 kJ/kg Latent heat of ice to water

Heat capacity fuselage 1 kJ/(kg K) Average heat capacity of aluminium and CFRP
Allowed fuselage temperature increase 30 K Own ass.

Battery cell energy density 500 Wh/kg Cox et al. (2020)

Cell-to-pack mass ratio 0.75 Cox et al. (2020)

Depth of discharge 85% Cox et al. (2020)

Charging efficiency 95% Cox et al. (2020)

Discharging efficiency 95% Cox et al. (2020)

Additional backup capacity 20% Own ass.

Battery capacity (track-side acceleration) 1.28 MWh Own calc. based on NMC955 usage®

Battery capacity (pod-side acceleration) 2.26 MWh Own calc. based on NMC955 usage®

Tube and track

Tube pressure 10 mbar Measurement value for tube concept of EuroTube?
Inner tube diameter 44 m Own ass. (to potentially transport standard shipping containers)
Outer tube diameter 4.8 m Based on structural requirements

Leakage rate 0.024 slm/m? Ongoing experimental campaign

Efficiency of track-side launcher 90% Own ass.

Efficiency of track-side recuperator 90% Own ass.

Background system

Electricity mix 6.2 g CO,-eq./kWh

Swiss Federal Railways electricity mix 2040 (RCP1.9)

2 Assuming 0.5 g deceleration (as in airplanes), 25 s of headway suffice to break if the vehicle in front instantly stops.

b Markish (2002) suggest that roughly half of the Empty Operating weight is “fuselage and systems”, which was used as a proxy for this work. Then, an average from small

commercial aircraft was taken.

¢ NMC955 batteries may dominate the transport market by 2040 (Usai et al., 2022). Due to insufficient LCIs, NMC811 from ecoinvent was used for this LCA.
4 This is a measurement value, tested on a four-metre-long mock-up of a tube prototype produced by EuroTube. We expect the value to improve with technological progress.

mainly to the excellent airtightness achieved by the liner around the
tube.

The sensitivity study also shows the significant impacts of aerody-
namics and electromagnetic drag. Here, every bar explores the vari-
ation of a single setting compared to the reference system: for each
parameter, the second value next to the y-axis corresponds to the
reference case captured by the dashed line, and the first and third
values to the left and right end of the bars, respectively. The sensitivity
parameters are split into two categories: the top five lilac bars explore
uncertainties in the technical parameters, and the bottom eight peach
bars evaluate different design or operational choices. Aerodynamics
confirms its central role, with operating pressure and blockage ratio
having the most significant influence on the energy demand. The
detailed breakdown of the energy consumption for different pressures
and blockage ratios is available in Appendix.

The capacity of the vehicle also strongly impacts the energy con-
sumption per pkm since the aerodynamic drag is mainly caused by
the pressure gap between the front and back of the vehicle, and this
difference is only marginally influenced by the pod length (constant
blockage ratio is assumed). For the same reason, higher load factors
lead to more pkm per vehicle, lowering energy demand per pkm. On the

contrary, the speed does not play a critical role since all tested scenarios
occur beyond the Kantrowitz limit, where the aerodynamic drag does
not scale with the square of the speed. Similarly, the acceleration rate
only marginally influences the overall energy consumption.

The nominal pod range plays a significant role, as longer distances
require larger batteries, hence heavier pods and more energy demand
(in this configuration, the energy demand per pkm increases by 18%
when going from a 300 km to a 600 km range). This is similar to the
inefficiency of long-haul air travel when carrying the weight of large
amounts of fuel®.

The mechanism adopted to accelerate and decelerate the pod signif-
icantly impacts energy consumption, and a more complete discussion
is provided in Section 3.2.

The electromagnetic drag is confirmed to be the most impactful
technical parameter, and its modelling thus requires careful considera-
tion.

3 Airplanes display lower efficiencies for short-haul flights due to higher
energy demand for take-off. Hyperloop vehicles show the same pattern if —
like airplanes — they are responsible for their acceleration. But in the case
of track-side acceleration, the higher energy consumption of the acceleration
does not impact the pod design, hence its energy consumption.
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Fig. 4. Impact on climate change per pkm of the hyperloop system for different system designs and background scenarios. The relative contributions of the launcher (part of the

station), battery (part of the pod), and rails (part of the tube) are clearly shown.

Overall, the most important outcome is that the modelling uncer-
tainty of some technical features impacts energy consumption less than
the deliberate selection of less advantageous system designs.

3.2. Global warming potential

The impacts on climate change in terms of GHG emissions per
passenger-km of the three designed hyperloop systems are shown in
Fig. 4. All parts of the systems are included, and the most impactful
sub-components are highlighted with darker shades.

A pivotal question of the study is whether the track- or the pod-
side acceleration is superior from an environmental point of view.
Self-propelled pods must have a more powerful LIM to accelerate to
their maximum speed and a larger battery to provide the required
energy. This results in a heavier pod that consumes additional energy,
especially for acceleration and levitation due to greater inertia and
mass. Other sources of additional energy consumption are the greater
electromagnetic drag due to the greater lift required and thermal
management due to the heat loss associated with the extra energy flow.
It is, therefore, clear that the track-side version is more efficient from
an operating energy point of view (see the last sensitivity of Fig. 3).

However, the track-side version requires a large track-side motor to
cover the entire distance the pod travels during acceleration, in contrast
to the pod-side motor that is just on board. The overall climate impact
of the design with pod-side acceleration is thus the lowest because
the savings from not using the launcher are only partially offset by
the increased demand for LIM and battery capacity. Notably, the pod-
side scenario benefits significantly from the reduced battery footprint
in ambitious climate scenarios, while the track-side scenario gains
advantages from a lower footprint in the copper production needed
for the launcher. It should be noted that the absolute difference would
vary considerably with a more GHG-intensive electricity mix in the use
phase. Overall, under the assumptions made in this study, the design
achieves the lowest GWP without a launcher and recuperator.

There are fundamental differences in the tube design between con-
crete and steel, with the latter increasing the climate impact of the
system substantially and accounting for more than half of the total
GWP. This is due to the relatively high CO, intensity of the steel
needed, as compared to concrete. Additionally, while the GHG intensity
of concrete production also decreases in prospective scenarios, the im-
pact from aluminium used in the concrete tube remains comparatively

high. As a result, the overall differences in the prospective scenarios for
the concrete tube are relatively smaller since aluminium accounts for
about half of its environmental impact.

In the prospective scenarios, the proportional contributions to the
total GWP remain consistent across all scenarios, while the absolute
values vary, showing reductions of up to one-third in some cases. The
effect here would be significantly greater if a more GHG-intensive
electricity mix than the one of the Swiss Federal Railways* were used.
Regarding the first two scenarios, the climate scenario seems to have
more influence on the GHG emissions than the design option. The
last design option, using a steel tube instead of concrete, is the most
sensitive to the climate scenario chosen. Although the CO, intensity
of steel production is strongly declining, as reflected in our scenarios,
its contribution to the overall climate impact remains substantial when
compared to materials like concrete.

To provide context for the background data used, we have included
a table in the Appendix that outlines the main materials for all impact
categories across all scenarios.

3.3. Comparison with other transport systems

Relative comparison

Two options for aviation are considered, representing short and very
short-haul intra-EU flights over distances less than 800 km and between
800 and 1500 km, respectively. The aircraft transport model, provided
by ecoinvent (Cox et al., 2018), represents a generic aircraft with an
80% occupancy rate and operating empty weights of 38.3 tons and 43.1
tons for the two distance categories. This results in fuel consumptions
of 3.84 kg and 3.08 kg per 100 km per seated passenger for very
short-haul and short-haul flights, respectively. The fuel consumption
and related emissions data are derived from 99.5% of all scheduled
flights in 2016 for that size class, as recorded in the OAG Analytics
database (OAG, 2016). We have adjusted the fuel consumption down-
ward by 38% to align with ICAO’s very optimistic aspirational goal of a
2% annual improvement (Fleming and de Lépinay, 2019) between 2016
and 2040. They are modelled using fossil and synthetic kerosene. The

4 According to the ecoinvent database the Swiss Federal Railways mix con-
sists of 87.94% hydropower, 10.76% nuclear power and 1.3% new renewables.
With the scenario for 2040 (RCP1.9), this translates to 6.2 g CO,-eq./kWh.
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Fig. 5. Comparison of the different impacts of several transport systems, using background data for 2040 (RCP1.9).

synthetic kerosene production route was modelled according to Treyer
et al. (2021). Synthetic kerosene is assumed to be produced via water
electrolysis (for hydrogen production) and subsequent Fischer-Tropsch
synthesis, where the required CO, is supplied via Direct Air Capture
(DAC), and the heat demand is provided by heat pumps. The entire
electricity demand for e-kerosene production is supplied by wind en-
ergy. It is important to note that we exclude the climate impacts due
to short-lived climate forcers such as induced cirrus clouds and contrails
(often referred to as “non CO,-impacts”), as these depend on the
overall air travel demand, which is out of scope of this analysis (Sacchi
et al., 2023). Local electricity is used for all other modes of operation,
assuming, in particular, the consumption mix of the Swiss Federal
Railways for the operation of trains and hyperloop systems. It is also
assumed that the technology and energy mix of 2040 are used for all
extraction and conversion processes carried out before the transport
service. Fig. 5 compares the hyperloop reference case, the Swiss long-
distance train and the two aircraft options for all impact assessment
categories used in this LCA. All impacts of the reference case were
normalised to 100%.

Conventional aircraft cause by far the highest climate impacts due
to the high fuel demand and combustion of fossil kerosene. Climate
impacts caused by the train and the hyperloop system are very similar
and substantially lower than air travel.

Land use-related impacts are highest for aircraft using synthetic
kerosene, mainly due to the space occupied by wind power generation.
Trains and planes using fossil kerosene show similar results, with
infrastructure contributing the most. The hyperloop system exhibits the
lowest land use-related impacts by far, primarily because of its elevated
tube structure supported by pillars. It is important to acknowledge that
train systems might also utilise elevated tracks®.

In terms of water consumption, the hyperloop reference case
achieves worse results than the two aircraft, but this is almost entirely
due to the electricity mix used by the hyperloop (and train), which has

5 However, trains face unique challenges when elevated, such as increased
noise and vibration (Xia et al., 2009), as well as potential cost and durability
concerns (Chen et al., 2016). Although hyperloop pods and train wagons
are comparable in weight, hyperloop causes much less wear and tear on the
infrastructure due to the absence of contact provided by levitation. In terms
of vibrations, the structural system still has to support the full weight, and
vibrations will occur in hyperloop as well. In terms of noise, hyperloop can
avoid load noise due to contactless suspension and guidance (as opposed to
trains) and travels in an enclosed tube.

a very high proportion of hydropower and, therefore, a higher water
footprint.

Furthermore, conventional aircraft and trains consume significantly
less material resources than the copper-intensive hyperloop system.

Regarding PMF, the hyperloop system shows the lowest impact, and
the plane using synthetic kerosene is the highest. The train causes much
higher PMF than the hyperloop system, mainly due to the abrasion of
the tracks.

Moreover, in terms of summer smog, the hyperloop and train sys-
tems have the lowest impacts, while both aircraft significantly con-
tribute to higher impacts, primarily due to emissions from kerosene
combustion.

When considering energy efficiency, represented by the CED, both
hyperloop and train show a similar and much better performance than
both aircraft options.

Breakdown of climate impacts

For each transport mode, total climate impacts are broken down by
emission source: Infrastructure (stations, airports, tubes, rails), vehicles
(pods, aircraft, trains), electricity demand during operation (and as
feedstock for synthetic kerosene), fuel supply chain (production and
distribution) and operation emissions (CO,, SFg, refrigerants, etc.). This
more detailed comparison of the climate impacts caused by hyperloop
and other modes of transport is shown in Fig. 6. The upper part of
the graph shows all contributions, which for the e-kerosene aircraft
includes both the operational CO, emissions due to fuel combustion and
the same amount of CO, captured from the atmosphere by the DAC unit
(used for e-kerosene production), shown as a negative contribution.
The lower part of the figure represents a zoom-in, in which these two
components of the life cycle cancel out each other, corresponding to a
net balance.

Per passenger-km, the environmental impact of the aircraft itself is
lower than that of trains and the pod in the life cycle of the vehicles,
mainly due to the large number of pkm that aircraft cover during their
lifetime, which distributes the footprint among more passengers. The
pod of the hyperloop system particularly shows a significant footprint,
primarily due to the batteries’ central role in the pod life cycle. The
train has an impact comparable to that of the pod. Although it does
not require emission-intensive batteries, its lifetime pkm is lower than
the expected lifetime pkm of the pod. Aircraft powered by e-kerosene
solve the fossil fuel problem, as the CO, emitted while in use equals
the CO, absorbed by DAC to produce the fuel. However, due to the
low conversion efficiency of electricity to fuel, the net electricity con-
sumption of these aircraft is much higher for e-kerosene than trains or
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Fig. 6. Climate impacts of different transport systems, using background data for 2040 (RCP1.9). For e-kerosene aircraft, the CO, absorbed by DAC equals the CO, emitted during
operation. For clarity, the lower graph cancels out these two life cycle components and only shows the net emissions.

hyperloop systems. Even if all the electricity is generated from wind
turbines with a low carbon footprint, e-kerosene aircraft cause climate
impacts about five times higher than those of trains and hyperloop in
Switzerland.

The infrastructural carbon footprint is similar for all transport sys-
tems. In the case of air transport, airports still require large land areas
and consume a lot of energy for their ground operations. In addition to
electricity and heating, airports must include maintenance and clearing
operations. However, it should be noted that the aircraft maintenance
is partly allocated to the airport in the inventory of the ecoinvent
database. The difference between the railway and the hyperloop infras-
tructure is primarily due to the assumed utilisation of the routes and
the resulting lifetime pkm. The utilisation factor for long-distance trains
in Switzerland is 28%, while a utilisation of 80% is assumed for the
hyperloop system. While the latter is decidedly optimistic, the higher
modularity of the vehicles and the more frequent departures could al-
low for a timetable better adapted to demand and a higher load factor.
Moreover, load factors of 80% are typical for air transport (ICAO, 2022)
and are used in ecoinvent (Notten et al., 2018). For a more appropriate
comparison of the impact of the infrastructure, Table 5 shows climate
impacts associated with one metre (bidirectional) of railway track,
concrete tube, and steel tube.

The less material-intensive railway track causes lower GHG emis-
sions per metre than the hyperloop tube. Nevertheless, more intensive
use of the hyperloop infrastructure pays off the infrastructure’s en-
vironmental investment, as seen in Table 5. The differences in the
environmental impacts of concrete and steel tubes have already been
discussed. However, it should be noted that detailed dynamic analyses
of the material performance under specific stresses should also be
carried out before conclusions can be drawn.
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Table 5

Impact on climate change of railway track, concrete tube, and steel tube for a lifetime
of 100 years per metre of track or tube, using background data for the year 2040
(RCP1.9).

System t CO,-eq./m
Train, railway track 2.8
Hyperloop, tube, concrete 6.9
Hyperloop, tube, steel 11.1

3.4. Sensitivity regarding electricity

Compared with other transport systems, the hyperloop reference
case was compared with the Swiss long-distance train, conventional
aircraft transport and the e-kerosene-powered aircraft transport as
discussed in Section 3.3. The aircraft with conventional fuel is inde-
pendent of the foreground electricity supply here. Although electricity
is used at the airport for maintenance, this is difficult to allocate and
would have only a marginal overall influence on the total life cycle.
On the contrary, the climate impacts of electrified trains, hyperloop
systems and planes using e-kerosene depend on the GHG emissions
associated with electricity supply for train and hyperloop operation
and e-kerosene production, respectively. Fig. 7 shows this dependency.
While trains and the hyperloop system cause GHG emissions lower than
very short-haul aircraft (even without their non-CO, climate impacts)
up to a carbon intensity of more than 1000 g CO,-eq. per kWh of elec-
tricity. In contrast, e-kerosene aircraft cause higher GHG emissions than
conventional aircraft at about 100 g CO,-eq. per kWh of electricity.
For reference, the current average GHG emissions of the high-voltage
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Fig. 7. Impact on climate change of 1 pkm as a function of the GHG emissions of the electricity used for train and hyperloop operation and synthetic kerosene production, using
background data for the year 2040 (RCP1.9). CH = Switzerland; ENTSO-E = European network of transmission system operators for electricity.

electricity mixes for Switzerland and Europe, according to the ver-
sion of ecoinvent used, are indicated with dashed lines. However, the
accounting for GHG emissions of country-specific electricity mixes is
often discussed controversially (Treyer and Bauer, 2016; Krebs and
Frischknecht, 2018; Bjgrn et al., 2022), due to varying methods such
as using production mixes that represent domestic production only,
consumption mixes that account for electricity imports and exports in
different ways, and the representation of physical power flows which
may not align with actual electricity trade, with or without considering
guarantees of origin.

3.5. Sensitivity regarding occupancy rate

As the occupancy rate of transport systems is a critical parameter
regarding their environmental performance and as figures for the hy-
perloop system cannot be based on empirical data for this technology,
we analyse the sensitivity of climate impacts regarding occupancy
rates. This sensitivity analysis is simplified in that it ignores the effect
of passengers’ weight on the operational energy consumption of all
vehicles. It should be noted, however, that the energy consumption
of an aircraft, in particular, is more negatively affected by additional
passenger weight than the energy demand of a train (Sullivan et al.,
2018) and the hyperloop. This simplified scaling of climate impacts as
a function of occupancy rates of the selected transport systems is shown
in Fig. 8.

If all transport systems have the same occupancy rate, the train
causes the lowest climate impacts. The difference to the hyperloop
system is negligible at high occupancy rates. Even at a relatively
low load factor of about 25%, the hyperloop systems and the train
would still perform better than the fully occupied e-kerosene-powered
aircraft. At full utilisation, the conventional aircraft performs several
times worse than the train and hyperloop system with a very low load
of e.g., 10%. However, the exponential increase of climate impacts
caused by the train and the hyperloop system at very low load factors
below 10% indicates that such use cases should be avoided. Given that
hyperloop combines railway advantages such as central access with
airplane-like operation of end-to-end vehicles on highly frequented
routes, the authors expect that occupancy rates similar to airplanes
can be reached. It shall also be said that railway, given that it would
operate with small vehicles on highly busy routes could achieve similar
occupancy rates.
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4. Discussion
4.1. Significant parameters

The factor with the highest influence on the LCA results is the
assumed utilisation rate or the transported lifetime passenger count of
the hyperloop systems. Due to the assumptions made here, the high en-
vironmental investment costs are distributed over an increased number
of passengers and the resulting environmental burdens, especially GHG
emissions, per passenger-km are very low.

The second largest significant parameter is the chosen electricity
mix for operating the hyperloop system. In the almost optimal scenario
with the electricity mix from Swiss Federal Railways, only about 10%
of the total climate impact is attributable to this mix. However, if an
almost entirely coal-based electricity mix were used, about 95% of
the total GHG emissions would be attributable to it. To put this into
context, the annual electricity consumption resulting from the modelled
hyperloop route is about 1360 GWh, corresponding to approximately
2% of Switzerland’s current final electricity consumption.

In many impact categories, especially climate impacts, the tube as
a subsystem causes the highest impact under the default assumptions
made here. In particular, the aluminium used and the clinker required
for the cement cause the most significant impact in the case of the
concrete tube; for the steel tube, on the other hand, it is mainly the
pig iron for the steel causes that has the greatest impact.

The influence of the station varies greatly depending on the envi-
ronmental impact indicator. For some of the impacts used here, the
effects are almost entirely due to the station’s high copper demand. It
can be shown that there are considerable differences in the dimensions
of the launcher or recuperator. With its battery, the pod has a smaller
impact on the overall life cycle for most LCIA indicators and scenarios.
The fuselage itself is almost negligible in relative terms. The exception
is the hyperloop with pod-side acceleration, which requires a higher
battery capacity, increasing the impact. However, the more significant
influence in the overall life cycle pays off in all impact indicators, as
the impact of the launcher and recuperator is more than compensated.

What remains are the operational fluids, which are negligible in
relation to the rest of the overall system in all methods.
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4.2. Completeness and consistency

Every effort was made to obtain and process as much hyperloop-
specific data as possible. Nevertheless, assumptions had to be made at
several points, or alternative datasets had to be implemented because
not all the desired processes could be realised due to the prospective
nature of the LCA.

Very accurate data could be obtained for the cement and concrete
production, as the primary data were directly available here. The
remaining materials were either scaled up accordingly from existing but
on a much smaller scale, subsystems or taken from the literature. The
associated production flows were almost wholly based on ecoinvent
representing similar systems and scaled where necessary. The exception
is the Superconductor, Hastelloy C276, silicon steel and the recycling
of CFRP, where secondary data other than ecoinvent was used, none of
which significantly impacted the overall environmental performance.

Regarding EOL, simplifications had to be made that will proba-
bly not reflect reality in the future, as much higher recycling rates
are expected compared to today. Inventories for appropriate future
recycling processes are unavailable in the databases and could only
have been modelled based on rough assumptions. To ensure consistent
comparability, it was decided to use the current market activities from
ecoinvent (which include specific fractions of recycled materials) or to
apply a cut-off approach to waste likely to be recycled in the future if
only incineration or landfill processes were available in the ecoinvent
database, as these end-of-life options are likely to be less common in
2065 and later to be able to meet the climate goals (Gallego-Schmid
et al., 2020). Especially in the case of aluminium, concrete, copper and
steel, a higher assumed recycling rate would significantly improve the
LCA results for most of the LCIA indicators used here.

The “right” choice of electricity mix is difficult. Therefore, several
future scenarios were assessed, and a detailed sensitivity analysis was
made about the electricity mix, which shows its significant impact on
LCA results. Furthermore, it was assumed that the hyperloop infrastruc-
ture would be used exclusively for passengers. However, it is planned
to transport goods at night, as demand for passenger travel is lower.
This has not yet been considered and would reduce the environmental
impact assigned to passengers, as part of the infrastructure would also
be allocated to transporting goods, just as with trains and aircraft.
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The crucial parts of the hyperloop system were modelled. However,
the thermal management and HVAC systems were simplified. More-
over, the flux pump and the life support system were not considered.
The life support system for the hyperloop system has yet to be devel-
oped and was therefore not included in this analysis. In principle, the
system used in submarines could be used. Adding such an emergency
system to the LCA is not expected to cause major environmental bur-
dens, as it will not include any large infrastructure elements or energy
consumption.

4.3. Limitations and recommendations

A comparison with other studies is challenging because there are
no LCAs for other hyperloop systems, and for Maglev trains, only two
studies (Kato et al., 2005; Kato and Shibahara, 2006) have assessed
the Shinkansen and SCMaglev in Japan, which report emissions rang-
ing from 14-43 g CO,-eq./pkm. However, due to the vastly different
temporal and spatial conditions, a direct comparison is not feasible.

Nevertheless, the comparison with existing studies with limited
scope was able to classify the impacts resulting from this LCA and to
check them for plausibility. However, even if another system uses the
functional unit pkm, the extent to which the system is comparable to
other transport systems should still be questioned. This is because the
functional unit does not refer to the temporal dimension, which is why
the comparison between train and hyperloop systems is only of limited
significance, which has also been shown in the different utilisation of
the infrastructure. Changing the functional unit from pkm to pkm/h is
possible to make the other systems more comparable.

This work has only considered a point-to-point hyperloop system
and does not yet simulate a broader network with various pod sizes
and fleet configurations anticipated in future implementations. The
study focuses on an overground design, pending further data collection
for alternative setups. Addressing complex routing within an extensive
network, including timetabling and capacity analysis, was beyond the
scope of this initial assessment. Nonetheless, we expect the general en-
vironmental ranking of Hyperloop, compared to other transport modes,
to remain consistent even with network expansion, due to its designed
efficiencies.
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The bill of materials for the current launcher is based on a de-
sign used in a 120-m demonstration tube. Therefore, an optimised
design could significantly reduce material requirements and change the
outcome of comparing track-side and pod-side acceleration regarding
environmental assessment.

Overall, mainly conservative assumptions were made with regard
to the hyperloop systems. Yet, it outperforms the aircraft in almost
all environmental impacts and shows an environmental performance
similar to a train. Since the main focus of this LCA is on GWP, the
hyperloop with pod-side acceleration can thus be called the most
promising hyperloop system, based on the results of this LCA.

There are, however, challenges in the feasibility of the hyperloop
that need to be addressed or resolved: Although cost estimates exist,
the financial resources required for development and construction are
unknown, especially if the central stops in metropolises are to be
realised. Further technological problems also need to be solved, such
as the vehicle’s thermal management, shock waves in the tube, and the
management of charging at stations.

5. Conclusion

Our first-of-its-kind environmental life cycle assessment of a hy-
perloop system shows that the hyperloop has a high potential as an
energy-efficient, low-carbon, high-speed passenger transport option.
The primary condition is that the electricity supply for its operation is
associated with low GHG emissions. Second, occupation rates similar
to those of current long-distance trains can be achieved, preferably
as high as observed in aviation. Major environmental trade-offs are
not to be expected. On the contrary, compared to major competitors,
i.e., long-distance trains and intra-EU aircraft, hyperloop trains show
reduced particulate matter formation and land use. These fundamental
findings hold despite hyperloops’ current status as “technology in de-
velopment”, which comes along with uncertainties regarding technical
properties and design choices of future hyperloop systems.

If additional transport capacity is required, especially at higher
velocities, the question is whether conventional transport systems can
provide it or whether new and more sustainable alternatives should
be considered. It may, therefore, be possible to add a new mode of
high-speed transport to the current network and shift large parts of
the emission-intensive short-haul flights to sustainable, entirely elec-
tric ground-based modes of transport. Overall, our study shows that
the hyperloop can indeed combine the speed of an aircraft with the
environmental footprint and capacity of a train, filling a major gap in
the future transport network and potentially helping to meet climate
targets in the transport sector. However, it is essential to recognise
potential caveats, which need to be clarified in detail. This includes
the technical feasibility of its suggested transport capacity or likely
safety risks. Despite travelling in a vacuum, hyperloop still consumes
a considerable amount of energy, albeit far away from the inefficiency
of an airplane.
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cycle impact assessment results, and the script to fetch the IAM scenar-
ios in premise are provided as supplementary material. Additionally,
a sensitivity analysis for operational energy, an energy and mass flow
diagram, and further supporting information on the aerodynamic drag
calculation are available in the Appendix. Additional data used in this
study can be made available upon request.
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