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understanding of a system that does not exist yet. Thank you for your continuous guidance and support
over the extended project.

In addition, I would like to thank the many people that provided a variety of inspiration, insights,
assistance and data. Thank you Marcello Colledani, your inspiring lectures on circular economy still
drive me today. Thank you Edward Fagan and Michiel Kruijf, for your valuable input on the design of
the AWE model. Thank you Joost Vogtl�ander and Bernhard Steubing, for your guidance into preforming
an LCA. Thank you Rigo Bosman, for providing the missing data required to model the impacts of the
tether. I would also like to thank everyone else who has either directly or indirectly provided valuable
input to the project. Finally, I would like to thank the members of my Thesis Committee a second time.
To Roland Schmehl, Joost Vogtl�ander, Kristian Petrick and Stefan Wilhelm, thank you for being here
with me today.

Lastly, I would like to thank my family and friends. Starting with my grandpa: Thank you grandpa! The
inspiring stories of your many years at the patent o�ce are what brought me here today! To my parents:
Thank you for all you support throughout my study career and thank you for raising me with an interest
for sustainability. Finally, to Wouther, with whom I have studied almost every day since Covid-19 hit:
Together we made it!

Luuk van Hagen
Delft, July 5, 2021
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Abstract

Airborne Wind Energy (AWE) technology provides an interesting re-design for energy generation from
the wind. The value of renewable energy systems is their ability to generate electricity with reduced
environmental impacts, most crucially being the Global Warming Potential.

In this project, it is assessed what the impacts of a potential Multi-Megawatt AWE system would be.
Firstly to determine where its impact hot-spots are located and secondly to assess how this new technology
would compare to conventional wind energy systems operating in the same farm. The location of the
farm is included as a sensitivity parameter to assess the advantages and disadvantages of both systems
for operation in various locations under di�erent environmental conditions.

The technologies were assessed and compared using a Life Cycle Assessment (LCA) method. The LCA
is used to assess the systems for their Global Warming Potentials (GWP) and their Cumulative Energy
Demands (CED). The CED is subsequently also used to determine the Energy Payback Time (EPBT)
and the Energy Return of Investment (EROI) of both systems.

The assessment of the impacts was performed on models that �rst had to be designed. The many
unknowns and variables in both designs meant that modelling accounted for a large fraction of the
project. The AWE system is modelled as a Ground-Gen, Rigid-Wing system based on the design of
Ampyx Power. The HAWT system is designed to represent an accurate comparison model for the AWE
system. It is fully based on various literature sources, primarily on optimisations of the NREL 5MW.

It was found that the impacts of the HAWT system greatly depends on environmental conditions at
the location for which it is designed. The AWE system does however only minimally depend on the
environmental conditions. Thereby, it can be evaluated where AWE would have the largest advantage
over HAWT technology and where HAWT technology may be better.

The project is carried out in collaboration with Airborne Wind Europe and Ampyx Power. Data was
intended to come from Ampyx Power. However, the project started too early into delayed feasibility
studies which limited the availability of design data and even concept plans.

The report therefore presents the impacts of a potential future 5 MW system. Modelled to the best
ability at this time, with an hydraulic drivetrain and a hub-less drum design. Additional focus is placed
on the availability of improvement potentials and assessment of design variables. Thereby aiming to
further improve general sustainable knowledge within the AWE sector.

The AWE system is found to use signi�cantly less materials and to produce electricity at notably lower
impacts compared to the HAWT system. AWE is found to be most advantageous for operation at
unfavorable environmental conditions, where the wind speed is low, and the HAWT system requires a
large hub-height.

The Land and Launch Apparatus (LLA) and the Power Generation Apparatus (PGA) subsystems are
found to be the largest impact contributors within the AWE system. The largest impact component is
found to be the hydraulic accumulator system in the PGA, primarily due to its large mass. Its high
impacts are closely followed by the light weight tether and aircraft subsystems that require materials
with high speci�c impacts.
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Chapter 1

Introduction

Environmental concerns are rising higher every year. We have become increasingly aware to the many
di�erent ways we impact our environment. Especially the e�ects of global warming are becoming more
and more visible in our daily lives.

Global warming is caused by the emission of greenhouse gasses (GHG) into the atmosphere. A large
portion of these GHG emissions are caused by our use of energy. Changing to more renewable energy
sources is widely seen as one of the most e�ective solutions to reduce our environmental impacts.

One of the systems that could play a signi�cant role in this energy transition is Airborne Wind Energy
(AWE). AWE systems generate electricity from the wind by using aircraft, drone or kite-like systems
tethered to the ground. The name 'Airborne Wind Energy' is an umbrella term for a large collection of
design concepts with one speci�c design feature in common; they all capture energy from the wind with
airborne elements tethered to the ground.

Figure 1.1 displays a small selection of the available AWE designs. The �rst 4 are variations of Ground-
Gen technology; some use soft wings (kites), some use rigid wings (aircrafts) and other use soft-rigid wing
mixture in between. Ground-Gen systems generate electricity on the ground; The energy captured by
the aircraft it transferred to the ground in the form of a pulling force over the tether. A ground-based
power station subsequently converts this force into electricity. Fly-Gen systems generate the electricity
with small turbines mounted on the aircraft.

AWE has many envisioned advantages; The systems displayed in �gure 1.1 all have the major advantage
of (cross-wind) ight. The motion of the aircraft results in an increased relative velocity to the wind.
This in term leads to a signi�cant increase in extractable energy from the same wind resource; since the
extractable energy from the wind is cubed to the wind speed.

Figure 1.1: Various AWE systems (Schmehl and Tulloch, 2019).

Crosswind ight is only one of the many advantages envisioned for AWE. One of the most important
advantages of this radical redesign for wind energy generation is its ability to replace heavy structural
constraints through the use of control systems. Therefore, it has the ability to signi�cantly reduces the
amount of material required for the production of renewable energy.
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Chapter 1. Introduction

Figure 1.2: Comparison between AWE and HAWT. Found in Vermillion et al. (2021).
Originally: Left side: TwingTec pilot system (Schmehl, 2019), Right side: 2MW
Ampyx concept render (Kruij� and Ruiterkamp, 2018).

Renewable energy sources are increasingly used to replace fossil energy sources in order to reduce our
GHG emissions. The impacts of fossil energy sources are mainly caused in their operational lifecycle
stages, through burning of fuels. The advantage of renewable energy systems is that they use clean
energy sources in the production of electricity. Without the large impact emission during operation, the
majority of the impacts of renewable energy systems are now emitted in manufacturing of the systems.

The impacts of di�erent renewable energy systems can be quanti�ed and compared through the use of
a Life Cycle Assessment (LCA). An LCA is a standardised method to perform a holistic assessment of
the environmental impacts of products or services. It is build up in4 interconnected stages ; the Goal
and Scope De�nition stage, the Inventory Analysis, the Impact Assessmentand �nally the Interpretation
stage (As in �gure 1.3). An LCA is therefore a highly iterative process

Figure 1.3: The 4 stages of an LCA.

This project assesses the environmental impact of a large scale future AWE system of 5MW; to quantify
its impacts and to compare them to the impacts of HAWT technology. Comparison of the technologies
is performed on hypothetical farms of 50MW each. Both technologies are designed from the ground up,
modelling all materials and processes the same way for both systems. Comparison of the impacts is
performed after normalisation to estimated energy outputs at a speci�c location; with changing environ-
mental conditions over the height. Thereby the systems are compared as accurately as possible, under
the same assumptions, for operation at the same location;
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Figure 1.4: A smaller version of the Ampyx power aircraft system, on which the 5
MW is based (Ampyx, 2020).

There are many incomparable di�erences between the various technology types within the global term
of AWE. The speci�c system type assessed in this work is characterised as a Ground-Gen, Rigid-Wing
system, based on the design of Ampyx power. An actual design could however not be provided, the system
is therefore primarily modelled based on potential future visions presented by Ampyx. The speci�cation
provided by Ampyx are subsequently further designed based on literature, expert input and assumptions.

At the time of writing this report, the largest own Ampyx power system was the 0.15 MW AP3, which
is a non-commercial test system. The largest AWE system ever own is the the 0.6 MW Makani M600,
at test ights. In contrast; the largest operating Horizontal Axis Wind Turbine are already 12 to 14
MW, the Haliade X turbines. With an even larger system of the 15MW already announced, the Vestas
V236. Therefore, there is a huge di�erences in technological readiness between the technologies. Many
components of the AWE system remain unknown, for which di�erent options are still assessed. As a
result, a choice had to be made for the model, but other options may prove better when they become
better de�ned. In this report, the systems is modelled with an hydraulic drivetrain, and the drum is a
personal design do limit the inertia losses.

The main objective of the research is to assess the environmental performance of a potential Multi-
Megawatt AWE system; To quantify its impacts, to locate hot-spots and to compare its impacts to
the impacts of a comparable conventional wind energy systems. The assessed impact categories are the
Global Warming Potential (GWP) and the Cumulative Energy Demand (CED). The CED is also used
to determine the Energy Payback Time (EPBT) and Energy Return on Investment (EROI) of both
technologies.

An actual design of a large-scale AWE system does however not exist. Thus, before the impacts could be
assessed, a representative model �rst had to be designed. Comparisons between the impacts of the AWE
system and the HAWT system are performed various scenarios to assess the advantages and disadvantages
of both systems for operation in di�erent locations, and under di�erent environmental conditions.

The research is intended to extend and improve sustainability and sustainable-knowledge within the AWE
sector. Another goal is therefore to indicate areas with high impacts or large improvement potentials.
Additional recommendations are provided to researches and developers on other methods that could be
used to improve sustainability in more than just the LCA impacts.

Chapter 2 starts with a literature review on related background; including basic introductions into AWE
technology, HAWT technology and the LCA methodology. Chapters 3 and 4 subsequently state the Goal
and Scope de�nitions of the LCA report. The Goal de�nition chapter primarily states the research goals,
but also the intended applications and research partners of the project. The Scope de�nition chapter
subsequently describes the method with which the assessment is performed; it states the methodological
choices, the assessed systems, the boundaries and the assumptions used. Chapter 5 follows with the
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actual modeling of the systems; this chapter generates a bill of materials and processes and describes how
systems were designed. Chapter 6 subsequently used this bill of materials and processes to determine the
impacts for the base-case scenario systems. Chapter 7 is subsequently used to assess numerous important
variations to the base-case model. These variations include the sensitivity analysis, but more importantly;
it includes variations to the environmental conditions to compare the technologies for their advantages
in di�erent situations. Chapter 8 �nally concludes the report with conclusions and recommendations.
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Chapter 2

State of the Art

This chapter provides background information on energy from the wind and the impact related to the
di�erent technologies. It starts with an general introduction into the energy in the wind, followed by
sections on Airborne Wind Energy technology and Horizontal Axis Wind Turbine technology respectively.
It is concluded with a section on the performance of an LCA, and previously performed LCA work on
wind energy systems.

2.1 Energy From the Wind
The wind has been used to perform work for many ages, We have used it to propel our sail ships. to grind
the grains for our bread, and to power the pumping stations that keep our feet dry. The wind carries an
incredible amount of energy, most of which still completely out of our reach.

The �rst record of actual electricity generation from the wind dates back to 1887. When Scottish professor
James Blyth build a turbine to provide electricity to his holiday cottage (Hardy, 2010). He used this
turbine in combination with an accumulator system to guarantee electricity, even when the wind did not
blow. It is this usage of an accumulator system in the �rst turbine that will make an interesting and
important reappearance in the future of energy generation from the wind. To be used by Yo-Yo type
AWE systems to stabilise their cyclic, intermittent energy production characteristic.

2.1.1 Power in the Wind

The environmental conditions as a speci�c location depend on a great number of factors. It is well known
that the average wind speed increases with increasing altitudes. One reason why the wind speed reduces
closer to earth is the earths surface roughness caused by obstacles such as buildings and trees. The further
removed from these obstacles, the faster the wind blows. This is the main reason why the wind blows
faster and steadier at sea, since the surface of the water only minimally reduces its power.

Figure 2.1: The wind power density over height (Archer, 2013).
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Research states that there is much more energy to be gained at higher elevations. The increase in available
power in the wind is visualised in �gure 2.1. Indicating the advantages of energy generation at higher
altitudes. It is this higher energy that once caught the attention of AWE pioneers.

Figure 2.1 however only includes the �rst 500 meters, within the atmospheric boundary layer. This is
approximately the operational range predicted for the �rst commercial AWE systems. This height is
however predicted to increase up to 1500 meters for systems further into the future (Schmehl, 2018b).

2.1.2 Airborne Wind Energy (AWE)

Being able to reach these higher heights is only one of the envisioned advantages of AWE. It has been
stated that the adaptability of the operating height presents an even larger advantage (Bechtle et al.,
2019). This adaptability enables AWE systems to operate in optimal environmental conditions for larger
fractions of the time. Thereby increasing the capacity factor and energy output of AWE compared to
HAWT.

The biggest advantage of AWE may however be its envisioned ability to generate electricity with a
signi�cantly reduced material consumption. Which is subsequently expected to result in further reduction
of the impacts but also the costs of renewable energy (Wilhelm, 2015; Schmehl, 2018a).

AWE Typologies

Airborne Wind Energy (AWE) is the umbrella term for a large number of widely varying design concepts.
The single common denominator between these systems is that they all capture energy from the wind
with airborne elements tethered to the ground.

Most AWE concepts can be characterised by a small number of features. The system types presented in
�gure 2.6 represent the majority of all current AWE research. There are however also again numerous
di�erent design variations within these general system types.

Figure 2.2: Classi�cation and di�erences between AWE systems (Fraunhofer, 2014).

These systems are all classi�ed as Airborne Wind Energy systems. However, both in operations, and
especially on system levels, these designs barely have any similarities between each other. Each system
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type presents di�erent advantages and disadvantages.

Aerostatic systems are furthest removed from the other AWE types. Di�erent to the other AWE types,
aerostatic systems do not make use of the 'crosswind ights' advantages that increase the relative wind
speed experienced by the airborne element. Instead, these systems generally only make use of better
available environmental wind speed at higher heights. E.g. by lifting wind turbine rotors higher into the
air, without requiring a tower.

Figure 2.3: Example of Aerostatic system (Vermillion et al., 2013).

Crosswind , AWE types classi�ed as 'crosswind ight systems' actually y their aircraft, kite or drone
like system through the air in order to increase the extractable energy available in the wind. Within
cross-wind systems there are again several Fly-Gen and Ground-Gen system types.

Fly-Gen systems use multiple small wind turbines attached to a aircraft of drone like system. These
drones are subsequently own through the air where the wind turbines experience higher wind speeds
than they would otherwise experience. Which strong increase extractable energy, as this scales cubed
with the wind speed.

Figure 2.4: The Fly-Gen M600 system of Makani (Schmehl and Tulloch, 2019).

Ground-Gen (Yo-Yo type) systems also use ight to increase the amount of energy extractable from
the environment. The di�erence is however that Ground-Gen systems convert the energy into electricity
with generators on the ground.
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There are 4 phases to the cyclic operation of Fly-Gen systems. Upon ight, in the traction phase, forces
are generated by the ight of the aircraft or kite. These forces are transmitted by a tether that is reeled
o� of a drum. Electricity is generated by a generator attached to this drum. The 2nd phase is a transition
phase for the ight of the aircraft. This starts when the tether is almost fully un-wound from the drum.
The aircraft needs to change ight path to prepare for the 3rd stage.

Figure 2.5: Phases of cyclic energy generation (Fechner, 2016).

Figure 2.6: Operation of Ground-Gen (van der Vlugt et al., 2013).

The 3rd stage is the retraction phase. In this phase, the aircraft is own back to the ground, and the
tether is rewound onto the drum. A �nal transition phase starts the (�rst) traction phase again, which
results in the cyclic energy output as shown in �gure 2.7.

8
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Figure 2.7: Example of cyclic behaviour in mechanical power output (van der Vlugt
et al., 2013).

The airborne component of the system can either be identi�ed as Soft-wing (kite) or Rigid-wing (aircraft),
�gure 2.8. (Combinations into semi-rigid-wing do also exists.)

Figure 2.8: Examples of wings (Wilhelm, 2015).

The summary above is far from an extensive summary of all AWE systems. It already indicated some of
the many signi�cant di�erences within the AWE system types. No clear advantage is would also result
in very di�erent Life Cycle Assessments, potentially with very di�erent outcomes.

Useful sources of information were found to be the AWESCO website, the AWEurope website and the
Airborne Wind Energy Conference documentation (AWEC2021). Equally valuable were the Airborne
Wind Energy books: Schmehl et al. (2013) and Schmehl (2018a). Other valuable sources are the many
papers in the industry, most notably: Cherubini et al. (2015), Watson et al. (2019) and Vermillion et al.
(2021).
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2.1.3 Horizontal Axis Wind Turbines (HAWT)

Horizontal Axis Wind Turbines technology is continuously changing. What started as small turbines
placed steadily on solid ground has evolved to massive oating o�shore structures, each able to power
thousands of households. The HAWT modelled in this report is meant to function as representative
systems for the assessed AWE system. Therefore, the di�erences in HAWT technology are important to
understand.

The design of a HAWT turbine can be optimised for the location it is intended to be used in. A primary
variable for optimisation is the environmental conditions in which the turbine its placed. One of the
important variables is the wind class rating. HAWT turbines are rated based the IEC 61400 standards,
as shown in table 2.1. Among others, these state the average wind speed experienced by the turbine at
its hub height.

Wind class Uave Uref 1year gust 50year gust

IEC 1 10 50 52.5 70
IEC 2 8.5 42.5 44.6 59.5
IEC 3 7.5 37.5 39.4 52.5
IEC 4 6 30 31.5 42

Table 2.1: IEC standardised Wind classes.

These wind classes do however not directly relate to the wind conditions at a location. The wind speed
increases over height. Therefore, at a bad wind speed location, a HAWT system would require a taller
tower to reach the same wind class as it could at lower height at a location with better wind conditions.

O�shore, the wind conditions are optimal. The hub height of an HAWT turbine can be kept low, and
the rotor diameter can be minimised. In worse conditions, the tower would need to be higher, and the
rotor diameter larger in order to capture the same amount of energy from the wind.

The location for which the turbine is designed therefore signi�cantly inuences the material requirements
and environmental impacts of the system.

HAWT Drivetrain Types

Another important design variable is the drivetrain selection. The selection of the drivetrain has a
strong inuence entire design of the system. There are various design options, only 2 important ones
are mentioned here, these are: the Doubly Fed Induction Generator (DFIG) and the Direct Drive (DD)
system.

The DFIG drivetrain is the most commonly used drivetrain type over the previous decades. It uses a
gearbox to increase the low speed rotation of the rotor to high speed rotation of the generator. This
gearbox is a very heavy component in the drivetrain. The e�ciency and reliability of the DFIG turbine
is notably lower than that of the DD drivetrain design.

The relatively recent transition towards o�shore wind energy has increased the lead to an increased usage
of DD drivetrains. This drivetrain type does not use a gearbox, instead; it uses a large low speed generator.
This signi�cantly increases the e�ciency and reliability of the system. Which is particularly useful in
o�shore locations, where servicing and transport come at high costs. A downside of DD drivetrains is
their usage of permanent magnets.

A fairly new concept in HAWT technology is to also use hydraulic drivetrains, which could signi�cantly
reduce the HAWT nacelle mass.

2.2 Life Cycle Assessment
The systems are evaluated for their environmental impacts by using a Life Cycle Assessment. An LCA
is a standardised method used to quantify and compare the (environmental) impacts of di�erent product
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or services. It is a highly iterative methodological approach that provides an holistic assessment of the
impacts of a product or service.

2.2.1 Methodology

The standardised methods for performing an LCA are de�ned by the ISO 14040 and ISO 14044 standards.
These states that an LCA is build up from 4 standardised stages:The Goal & Scope De�nition, The
Life Cycle Inventory Analysis, The Life Cycle Impact Assessmentand the Interpretation stage (Figure
2.9). This methodological standardisation ensures the accuracy and comparability between assessments
performed by di�erent entities.

Figure 2.9: The 4 stages of an LCA

Goal and Scope De�nition Stage
The Goal and Scope de�nition stage is de�ned in a collaboration between the commissioner and the
practitioner of the assessment. The Goal de�nition primarily details the objectives of the assessment.
The Scope de�nition subsequently de�nes the exact methods and assumptions used in the execution of
the assessment.

These topics include the boundary conditions used in the assessment, including the cut-o� criteria, the
included life cycle stages and the exact design and boundaries of the assessed system. It also states
additional LCA method choices, the assessed impact categories and the Functional Unit (FU) to which
all impacts are normalised for comparisons between di�erent systems. It serves as the administrative
chapter, enabling comparison to other assessments.

Inventory Analysis (LCI) Stage
The LCI stage is generally the most time consuming stage of an LCA. It is used to inventory the assessed
systems. The output of this stage is a bill of materials and processes which will be used as input for the
impact assessment.

This bill of materials can either be from direct data, or from a data collected from literature. Di�erent
types of LCA methods require di�erent data. An Environmental Product Declaration is an example of a
LCA that states the impacts of a speci�c product based on known data. An LCA carried out to compare
design concepts will rely more heavily on literature.

Impact Assessment (LCIA) Stage
The LCIA translates the preciously generated LCI model into impacts. All materials and processes can
be appointed a representative environmental impact. The appointed impacts of a material can however
signi�cantly di�er between sources. Either due to methodological di�erences, but also because a material
or process can be made in di�erent ways, with di�erent fractions of renewables or in countries will lower
environmental standards.

Assessments that are fully based on foreground data are able to state the impacts most accurately.
Other assessments require more generalised representative impacts. These assessments are thereby more
dependent on the assumptions made within the data-sources used.

Interpretation Stage
The �nal interpretation stage of the LCA interprets the results from the previous stages. It identi�es
signi�cant issues in the design, and assessed the sensitivity of uncertainties. It also includes completeness
and consistency checks. It thereby presents an indication on the level of con�dence of the presented
results.
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Di�erent methods and impact categories

Even-though the Life Cycle Assessment methodology is a standardised method, there are numerous
variations to its execution. The outcome of the LCA also strongly deviates depending on the used
methods. The most notable methodological choices are: Attributional vs Consequential, and how to deal
with multi-functional processes.

Consequential assessments assess the 'changes in impacts' as a consequence of the product. This could
include future changes in the market, or other consequences as a result of the product. This therefore
require a detailed market research. Attributional assessments assess the impacts related to a product
itself; by linking impacts to the materials and processes of the product. This method therefore assesses
the current impact potentials of the assessed systems.

Multi functionality is a problem when comparing di�erent products. The impacts of systems are compared
based on functional afunctional unit , this is a speci�c function that all assessed systems perform. The
functions of the compared systems should be equal. There are several methods to deal with this multi
functionality if one of the compared systems performs a secondary function. The function (and related
impacts) either needs to be removed from this system, or added to the other systems to match the
functions of the compared systems. If these methods are not possible, the multi functional process can
be allocated. Allocation is for example used to allocate the impacts of a production line with 2 products,
accurately over its products. The allocation of the impacts can be based on a physical relationship, a
representative parameter, or an economical relationship.

Methods, Midpoints and Endpoints
The outcome on an LCA can be mitpoint indicators or endpoint indicators. Endpoint indicators are
determined by weighing the importance of di�erent midpoint indicators. Endpoint indicators are: hu-
man health, ecosystem quality, climate change and resource depletion. Midpoint indicators are more
speci�c to speci�c impacts, such as: Human toxicity, ozone layed depletion, global warming potential and
accidi�cation potential.

The included midpoints and the values with which substances are normalised to these midpoints di�er
between available LCA methods. Thereby the GWP impact of 1kg of methane is 28 times the impact of
CO2 according to one method, but higher or lower if it was calculated with another method. Figure 2.10
presents the midpoint indicators as used in the CML method, as presented in a Vestas LCA report.

Figure 2.10: Example of LCA output for more impact categories (Vestas, 2019a).

End of Life, Recycling There are multiple ways of performing an LCA, such as cradle-to-Gate, cradle-
to-grave and cradle-to-cradle. These include di�erent selections of life cycle stages included in the as-
sessment. These stages are: raw materials & Manufacturing, Installation, Operations&maintenance and
End of Life.

Figure 2.11 shows the results over 4 life cycle stages. The method used in that assessment included
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credits for recycling at end of life. This is performed with an alloction method At Point Of Substitution.
The EOL materials thereby substitute the requirements of vigin materials, and the saved impacts are
credited to the original system as avoided impacts. another methods (allocations at Cut-O�) does not
give credit for avoided impacts. This method does therefore not have negative EOL imapacts, leading to
higher output impact values.

Figure 2.11: Impact distribution of a LCA that included recycling (Vestas, 2019a).

More information

This review only presented a very limited summary of all literature on performing an LCA assessment.
various reports and books present much deeper insights than could be provided here. All in accordance
to the ISO standards ISO-14040:2006 and ISO-14044:2006.Useful sources on performance of an LCA
are:

ˆ Life Cycle Assessment, Theory and Practice(Hauschild et al., 2018) A handbook that detailed all
steps to undertake in order to perform an LCA.

ˆ ILCD Handbook by the Institute for Environment and Sustainability - JRC - the European Com-
mission

ˆ LCA: a practical guide for students, designers and business managers(Vogtlander, 2012). More
focused on usability the design process of a product.

2.2.2 LCA in Wind Energy

The primary advantage of renewable energy systems over fossil energy systems are their reduced impacts
on the environmental. These impacts have therefore also well researched. There are numerous reports
on the environmental impacts of HAWT technology. The environmental impacts within the AWE sector
have however only been assessed minimally before.

AWE
The single previously performed documented LCA research on an AWE system was performed on an
earlier design of the Ampyx system (Wilhelm, 2015). This paper found an GWP and CED impacts of
5.6 kgCO2eq/MWh and 75.2 MJ/MWh for energy production using a 327 MW farm of 1.8 MW AWE
systems.

This paper also determined that the Energy Payback Time (EPBT) of the AWE system would be 5
months, compared to an EPBT of 9.5 for a comparable HAWT system. It was also determined that
AWE technology only uses 23% of the mass compared to HAWT system. Similarly, the GWP and CED
impacts of AWE were found to be only 55% and 55% of the impacts of the modeled HAWT technology.

HAWT
The results of the numerous LCAs on HAWT systems strongly deviate between the di�erent reports;
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Chapter 2. State of the Art 2.2. Life Cycle Assessment

partly due to actual di�erences in assessed systems, but the di�erences are often also the results of
di�erently chosen LCA methods. It is impossible to accurately compare the results of di�erent LCA
studies without detailed assessments and even alterations to match the used methods. There are however
a large number of LCA studies performed in literature, some of which speci�cally on comparison of
di�erent assessments.

One of these comparison papers is Davidsson et al. (2012), who presented Energy Pay Back Times (EPBT)
range anywhere from 1.3 to 27.6 months. Indicating the extreme variability of the impacts for di�erent
HAWT systems, under di�erent assessment boundaries.

Other papers; Smoucha et al. (2016) and Chipindula et al. (2018) also assessed how the impacts di�ered
for di�erent sized rated power systems. The �rst paper clearly concluded that scaling up is bene�cially for
impact reductions, in the full assessed range from 50 kW to 3.4 MW. The second paper came to similar
conclusions, this paper additionally also concluded that o�shore systems have higher impacts compared
to onshore systems.

Assessments performed by companies:
Vestas has published LCA reports on several of their products, Vestas. Similar reports were published
by by Siemens: Gamesa (2020). These reports proved highly informative.
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Chapter 3

Goal De�nition

The limited prior research into the environmental impacts of AWE leaves a large range of research topics
to be assessed. This chapter states the topics assessed in this project; it includes the research objectives.
intended applications and target audience of this assessment. It combines the Goal de�nition requirements
of an LCA with research objective statement as required for an academic study.

3.1 Research Goals/Objectives
The primary objective of this research is to assess the environmental impact of future Multi-Megawatt
AWE technology; To quantify its impacts, to locate hot-spots and to compare its impacts to the impacts
of a comparable conventional wind energy systems. Before the impacts can be de�ned, �rst, a potential
future system needed to be designed.

The assessed impact categories are the Global Warming Potential (GWP) and the Cumulative Energy
Demand (CED). These impact are determined using an Life Cycle Assessment method. Its results are
also to be used to determine the Energy Pay Back Time (EPBT) and Energy Return on Investment
(EROI).

An additional objective is to assess the advantages and disadvantages of several design choices for both
AWE and HAWT technology. Most notablly, the location and environmental conditions for which the
systems are designed.

A �nal objective is to further the knowledge of sustainability within the AWE sector; to indicate areas
with valuable improvement potentials, to indicate problem materials and components within the design,
and to provide recommendations that could be used to further improve sustainability within the AWE
sector.

3.2 Intended Applications

This LCA is performed in collaboration between Airborne Wind Europe (AWEurope) , Ampyx Power
and the Technical University Delft . AWEurope is the association of the European airborne wind en-
ergy industry. Their speci�c aim is to further the development of this novel technology (AWEurope,
2020). AWEurope intents to use outcomes of this LCA project as input in a future deliverable on the
environmental performance of AWE.

3.3 Target Audience
This research is performed with the intention to improve general knowledge on material usage and sustain-
ability topics of future large scale AWE systems. The content is intended for policy makers, researchers
and developers alike.

The assessments may provide AWE companies with insights on environmental hot-spots within the pre-
sented potential future AWE system. These insights may guide research- and design-focus, potentially
leading to impact reductions in future systems. The assessment also reevaluates the claim that AWE
technology leads to environmental improvements over HAWT technology. The insights provided in the
work may help inform policy makers in their evaluation of the technology.
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3.4 Commissioner of the study and other inuential
actors.

This report is formed and performed as Master Thesis project for the TU Delft. Combined research
interests lead to a collaboration with industry partners: Airborne Wind Europe (AWEurope) and Ampyx
Power. The design of the modelled system is based on the Ampyx power system, coupled with their visions
and concepts for the future. The model largely depends on direct data provided by Ampyx, other parts
are modelled from literature.

The large rated power of the systems was chosen to better match the business case of Ampyx power.
Ampyx did not want to compare their small systems to wind energy, as this system is primarily intended
to replace o�-grid diesel generators. Comparison to conventional HAWT systems is however considered
of upmost importance for validation of the environmental performance of AWE technology.

3.5 Limitations of the study
The modelled 5 MW system sizes were deliberately chosen for reasons of comparability and data availabil-
ity. The modeled AWE system is largely based on data provided by Ampyx power. This data is however
not based on an actual design of such a large system. The data is largely based on scaling estimations
from earlier designs, as well as prognoses and assumptions for future large-scale systems. The rated power
of the 5 MW system is a factor 33.3 higher than that of the largest developed system by Ampyx thus far.

This early modelling results in high uncertainties for impacts of an actual system. Sensitivity studies were
carried out to assess the e�ects of some of these variables. It proved not possible to validate the provided
estimations this early before any available design, nor was it possible to provide realistic deviation ranges
on the provided data. Sensitivity analysis are therefore primarily carried out to indicate the e�ects of
various deviations from a base-case model.

As mentioned, the early modelling means that all data is based on literature, estimations and assumptions.
The impacts of the manufacturing processes are modelled with averages mentioned in impact databases.
The data is therefore all of low speci�city to any actual future 5 MW system.

The assessment is performed using a method that cuts o� the impacts of material recycling. Inclusion
of recycling would bene�t metallic materials most, as recycling of most other materials is still far less
developed. Usage of another LCA method would signi�cantly reduce the impacts of both the AWE as
the HAWT systems, but was left outside the scope of this work.

The systems are only assessed for the GWP and CED impact categories. These are often considered the
most important impact categories for energy systems. The output of the LCA is thereby however not a
full environmental assessment, as it does not assess other environmental impacts.
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Chapter 4

Scope De�nition

The standard Scope de�nition of an LCA states all administrative aspects that are important for vali-
dation and comparison of the work. The scope includes: methods, assumptions and boundaries used in
performance of the assessment. It also introduces the assessed systems.

4.1 Methodology
An LCA is a methodological approach for assessing the impacts of a product of service. The environmental
impacts of a product can be determined with multiple di�erent LCA methods. The assessment can be
performed on detailed measured data, such as the actual energy usage of a factory, or on an early design
without any further knowledge. This project does however not have access to an actual design either; no
direct data is available, and reasonably de�ned designs for future system do not exist yet.

Therefore, this project also had to design a system that could to represent a potential future AWE system.
Systems such as the landing deck and aircraft strongly depend on the design of the company, estimations
of these systems were therefore provided by Ampyx. Especially the design of the launch and landing
systems fully depend on the design and control procedures envisioned by the company.

Many other elements were designed personally, especially the systems in the Power Generation Apparatus
(PGA). These elements were accepted, but not designed by Ampyx. The PGA consists of the drum, a
hydraulic drivetrain with accumulators, generators, converters and a transformer. These components
were primarily scaled from (HAWT) literature, or designed with product catalogues.

The impacts of speci�c products is primarily related to their materials and manufacturing processes.
Every single component in the design could have been produced in numerous ways. Products could be
manufactured with many di�erent material options, and often even entirely di�erent technologies could
be used. The best options, or options on which best data was available have been chosen when required.

Data collection and processing
The masses of the systems were primarily taken from manufacturers catalogues. The mass of a speci�c
6250 kVA converter is thereby found to weigh approximately 5 mt. The material composition of the
converter is found in an Environmental Product Declaration of another product of a di�erent size. These
sources presented the best available data when combined; using the mass of an actual system, with the
material composition of another system.

The LCI stage of the LCA represents the inventory of a bill of materials and processes for all components
in both the AWE and the HAWT farms, as described for the converter above. This inventory however
only presents approximations, as it is not based on an actual design, and numerous variations are available
for almost every component in the systems.

The impacts, calculated in the LCIA stage, are modelled in the same Excel model as the previous LCI
inventory. The impacts of the systems are determined by linking speci�c impacts to the materials and
processes unit inputs.The majority of these impact values were obtained from the Ecoinvent database

The data used in this report came from a wide variety of di�erent data sources such as:

ˆ Literature

ˆ Environmental Product Declarations

ˆ Product Spec sheets

ˆ LCA Databases
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ˆ Product Catalogues

ˆ Expert consultations

Average Material Processing
The majority of all impacts were found using the Ecoinvent database. Including average processing
impacts for the metals. The database did however not include average processing work for all metal
materials. A representative metal work process was made for cast iron. This includes the same metal
work processes and scrap percentages as found in the low-alloy steel data-set, only with replaced material.
Cast iron might produce less scraps, especially in larger system, but it is considered indicative enough
based on data presented in a detailed LCA project on hydraulic motors (Bhander, 2001).

4.2 Functional Unit

A functional unit (FU) is an easily identi�able unit function that allows for comparison between di�erent
systems and system con�gurations. The chosen functional unit is:

1MWh of electricity delivered to the grid, generated from the wind.

This unit is generally used in assessments of wind energy systems. It only allows for comparison of wind
energy systems and should not directly be used for comparison with continuously operating electricity
generation systems such as nuclear, gas and coal.

4.3 LCA Modelling Framework
The LCA is carried out using the Cut-o� allocation method. Therefore, avoided impacts related to
recycling of End of Life (EOL) materials are not credited to the assessed systems. Other allocation is
not required; Both evaluated systems only deliver the same Functional Unit (Electricity from the wind).
Neither of the systems produces secondary functions, therefore there are no additional processes that
require allocation.

Additionally; This assessment is an attributional LCA. Only the impacts related to the materials and
processes of the systems are assessed. These impacts are also compared to those of HAWT technology. It
is however not assessed how usage of AWE would change the market over a larger time period, as would
be the case in a consequential LCA.
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4.4 System Descriptions
Both the comparison between AWE and HAWT technology as the individual hot-spot analysis were
carried out using modelled hypothetical farms of 50 MW. Both technologies were modelled from the
ground up. Thereby, the systems were modelled with the largest consistency; with the same assumptions,
boundary conditions, material and processes; ensuring the most accurate comparability.

Both systems are designed on the basis of various literature sources, product catalogues, expert input
and assumptions. The AWE system is based on the system type of Ampyx Power, characterised as a
rigid-wing, Ground-Gen, Cross-Wind AWE system. The HAWT system is not intended to represent any
speci�c turbine. Instead, it is intended to function as the best comparison for the assessed AWE system.
The individual AWE and HAWT systems are rated 5 MW each.

(a) HAWT farm (b) AWE farm

Figure 4.1: Visualisations of the 50 MW farms and the considered system boundaries.
Systems not to scale.

The systems are divided into logical subsystems. The BOS is assessed as a separate subsystem. Each
subsystem is individually assessed for hot spots. Combined they add up to the total system impacts.

AWE System

The evaluated AWE system is a 5 MW Multi Megawatt design based on the general design of Ampyx
Power. Ampyx is currently only in the early process of feasibility studies for their �rst commercial AWE
systems of 1 MW, the AP4. The system presented in this report could therefore not be based on an
actual design. Instead, a design is partly made based on a mixture of knowledge on the earlier 0.15 MW
AP3 test system and minimal insights on concepts for the AP4 system. This data is coupled with a
variety of predictions, assumptions and future views supported by Ampyx. The system is assessed for its
5 subsystems as presented in �gure 4.2 and its main speci�cation are presented in table 4.1.

Location Onshore
Rated power 5 MW
Capacity factor 52.8% at 11 m/s
Lifetime: 20 years
AWE type Ground-gen, Rigid wing
Wing span 53.7 m
Average ight height 250 m
Tether length 1200 m
Tethering: Single tether, 2 sections
Drivetrain: Hydraulic

Table 4.1: Main AWE speci�cations
Figure 4.2: Subsystems of the AWE system
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HAWT System

Selection of the comparable wind turbine can signi�cantly inuence the results of the comparison between
HAWT and AWE technology. Selection within this report is primarily based on rated power and data
availability. The modelled HAWT system is largely based on a NREL 5MW optimisation, coupled with
data found on similar systems in literature.

The NREL 5MW is a well known standardised wind turbine design, based on the Repower M5 turbine.
The Repower 5M was designed for operation at locations both onshore as o�shore. The NREL 5MW is
however speci�cally presented as a standardised model of an o�shore wind turbine. Most data found on
this o�shore turbine is assumed representative for the presented onshore HAWT model. The system is
assessed for its 5 subsystems as presented in �gure 4.3, its main speci�cation are presented in table 4.2

Location Onshore
Rated power 5 MW
Capacity factor 46.9% at 10 m/s
Lifetime 20 years
Rotor diameter 126 m
Hub height 117 m
Wind class IEC2 to IEC1
Generator type DFIG
Tower type Steel cylinder

Table 4.2: Main HAWT speci�cations

Figure 4.3: Subsystems of the HAWT system

Farm model

The technologies are compared for operation in a hypothetical farm of 50 MW. The farm is modelled
onshore, with a distance to the grid of 15 km and a layout as presented in �gure 4.4. The farms are
modelled with operation at the same speci�c location. The environmental conditions experienced at a
location di�er over the distance from the ground. The average wind speed experienced by the AWE
systems will therefore be higher than that experienced by the HAWT systems at the same locations.

Topic Value/Description
Farm Size 50 MW
NR of Systems 10
Service Life 20 years
Location Onshore, The Netherlands
Distance to Grid 15 km
System Distance AWE 1 � Tether length (1200 m)
System Distance HAWT 7 � Rotor diameter (882 m)

Table 4.3: Farm speci�cations

The location of the farm is selected based on the wind class rating of the HAWT wind turbine (IEC1).
The wind speed experienced by the AWE system at higher height is estimated with the Log-law. The
energy output of both systems is summarised in table 4.4. This topic is further detailed in section 5.5.1.
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Unit AWE HAWT
Rated Power farm MW 50 50
Average wind speed m/s 11 10
AEP farm MWh/year 231264.0 205442.8

Table 4.4: Energy production summary, essential for comparability of systems.

These energy production values include a 98% availability, 3% wake losses and 6% drivetrain losses for
the HAWT system. The AEP estimation of the AWE system is based on data provided by Ampyx. It
includes a 95% availability and a 95% round trip energy storage e�ciency. Both systems include an
assumed 3.25% cable loss to the grid. It remained unknown which drivetrain losses Ampyx considered
within the AWE systems, these losses are however stated to be included in the provided AEP estimation.

Figure 4.4: Farm layout for 10 systems, representative for inter array cabling selection.

BOS Description

The Balance of System (BOS) is modelled as a separate section in the assessment, it however only
includes cabling. The usage of a transformer substation has not been included in this report, therefore all
transmission takes place at 33 kV AC. Additionally, the foundations are included within the generation
systems. Detailed design of the BOS (cable) system is presented in section 5.3.

Cabling Both farms require 9 inter array cables to connect the individual systems. Transmission to
the grid is performed by 2 export cables. All cabling is modelled with 33 kV AC cables with aluminium
conductors. The cross-sectional area of the conductors of the inter array cables are 3� 240 mm2, the
export cables are 3� 600 mm2.
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4.5 Boundaries
There are 3 sets of boundary conditions to be disclosed. Combined, these boundaries provide important
information on the reach of the LCA study. Documentation of the system boundaries is essential for the
validity of the assessment and the ability to compare this report to others. The individual topics treated
in the subsections below are: The included life cycle stages, the boundaries of what is included for the
systems, and the Cut-O� criteria.

Life Cycle Stages

This assessment is preformed as a 'Cradle-2-Grave' LCA. It includes the impacts over the full Life
Cycle of the system, from: Materials & Manufacturing , Installation , Operation & Maintenance and a
simpli�ed End-of-Life treatment stage. The considered impact processes included in each of these stages
are speci�ed in table 4.5. The impact result will both be provided for each of these stages individually
and for the full systems combined.

Life Cycle Stages

Materials & Installation Operation & End of Life
Manufacturing Maintenance

ˆ Materials

ˆ Processes

ˆ Transport

ˆ Site preparations

ˆ Construction

ˆ Replacement parts

ˆ Maintenance

ˆ Losses

ˆ Energy production

ˆ Dismantling

ˆ EOL processing

ˆ Transport

Table 4.5: The assessed Life Cycle Stages and their included activities.

Materials and Manufacturing
The material and manufacturing stage (hence forward named; 'Manufacturing') includes all raw materials
and processing steps required to manufacture the systems. This section includes design variables and
assumptions for both systems.

Installation
The hypothetical farms are modelled as Onshore farms in the province of Zuid-Holland in The Nether-
lands. The installation stage includes transport, land transformation and installation activities at this
location. This transport only includes transportation of the completed systems installed at the initial
commissioning. Transport of raw materials is included in the manufacturing life cycle stage.

Land transformation and installation activities are strongly simpli�ed. Land transformation only includes
digging activities for the foundations and the cables. Installation processes are represented by crane
operation.

Operation and Maintenance
Impacts over the operational life of the systems include: replacements, consumables, servicing trips and
energy losses. The O&M stage also includes the generation of electricity.

End of Life
The EOL stage includes removal of the systems, transport to the EOL treatment facilities and simpli-
�cations for the EOL treatment processes. Impacts of recycling are cut-o�, thereby avoided-impacts of
recycling are not credited to the original systems. The usage of recycled (metal) materials is included by
using market mixtures for the original input material data-sets, as taken from the Ecoinvent database.
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System Boundaries

The AWE and HAWT systems are assessed in 50 MW farms. The boundaries for these farms include all
systems up to the grid connection. Additionally, the di�erences in relative environmental conditions are
included as an input di�erence, to compare the systems for operation at the same location.

Cuto� criteria and Completeness Requirements

Cut-O� criteria were di�cult to de�ne for this project, as the presented systems are not based on detailed
data.

No more than 1% of the mass, energy or impact has knowingly been excluded unless stated speci�-
cally. Materials and processes are however often represented by other data-sets that are assumed best
representative. This is stated for each material.

4.6 Representativeness of LCI Data
The presented systems should be seen as indicative for a potential 5 MW system with current knowledge.
The AWE system has been modelled in accordance with current views for the future. The system sizes
have been calculated, estimated and scaled based on previous designs, assumptions and concepts for
future systems. It will have low representativeness to an actual future 5 MW system. The results of this
report may help guide the focus for future design improvements. This is supported with sensitivity cases
on some of the design variables.

Technological and Temporal coverage
This assessment is performed to assess the potential environmental impacts of (far)future large-scale
AWE technology. The impacts are however presented with available data on materials and processes of
recent years. Large portions of future large-scale systems are also not assessed by Ampyx yet. Data on
these components is therefore designed based on currently available literature and product catalogues.
Many improvements are to be expected before the actual 5 MW system becomes realised. The 5 MW
HAWT system is largely based on the NREL 5MW. This is a relatively old turbine. Data of this system
has been collected from recent design optimisations found in literature.

Geographical coverage
Manufacturing is all assumed to take place in Europe. The products are assumed to be manufactured
in Denmark, since it already is an industry hub for wind energy manufacturers. The materials are all
modeled with Global-Market data-sets. All processes are however modeled with European Production
data-sets. When used speci�cally; 'electricity' is modelled with Medium voltage electricity, Danish grid
and 'heat' with 'district or industrial heat, other than natural gas, Europe' .

Electricity generation is considered to take place onshore in The Netherlands. The distance to the grid
and transport distances are roughly representative for the European market. These values are based on
data presented Vestas and Siemens LCA reports.

4.7 Impact Categories and Methods

The systems are assessed for 2 midpoint impacts indicators: The Global Warming Potential (GWP100)
and the Cumulative Energy Demand (CED).

The GWP and CED impact categories are the most frequently used impact categories in LCAs on
renewable energy systems. Additional impact categories have been evaluated in the assessment, but were
excluded later in the project. The focus on just these two impact categories is considered to provide
the most useful results, both for system validations as for indications for improvements potentials. More
detailed information about all impact categories can be found at: EC-JRC-Institute for Environment and
Sustainability (2012) and Hauschild et al. (2018).
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Global Warming Potential (GWP100)

The GWP is the representative impact indicator for greenhouse gas emissions responsible for the long
term warming of the climate. The value is presented as kg CO2 equivalent.

All substances have di�erent potential impacts on climate change. The GWP impact indicator makes it
possible to compare the impacts of these substances. The GWP value of a substance presents its impact
on global warming normalised to the impact of CO2. Additionally, substances are removed from the
atmosphere at di�erent rates. The GWP indicator of CO 2 is always 1 kgCO2eq/MWh , independent of
time. The GWP factors for all other substances may however di�er over time.

For example, the GWP(100) of methane is 28 kgCO2eq/MWh . Over 100 years, methane will have 28
times more impact on the warming of the earth than CO2 does. The GWP(20) of methane is however
84 kgCO2eq/MWh . Meaning that it is more potent on the short time scale, but reduces over time. The
time-frame considered for is the GWP100, stating the global warming potential over 100 years.

The CO2 equivalent factors of these substances di�er depending on the impact method used in the
assessment. The GWP impact is calculated with the CML method (CML-IA baseline, EU25). The CML
method is frequently found in other assessments of energy systems, most notably in those of Vestas.

Cumulative Energy Demand (CED)

The CED states the total input energy requirements of a product, presented inMJ . It is calculated with
the Cumulative Energy Demand v1.11 method.

It includes all energy requirements within the boundaries considered for the assessment. This 'cumula-
tive' CED is subsequently normalised to the stated Functional Unit of the systems to compare di�erent
products. The CED is subsequently also used to calculate the Energy PayBack Time (EPBT) and the
Energy Return on Investment (EROI) of both systems.

The Energy Payback Time (EPBT)
The EBPT states how much time passes before the input energy is fully recovered.

The Energy Return on Investment (EROI)
The EROI states how many times the input energy of the system will be recovered over the full lifetime
of the system.
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Inventory Analysis (LCI)

The Life Cycle Inventory Analysis (LCI) is the second and by far the most time-consuming stage of the
LCA. The output of the LCI is the bill of materials and processes that a system required to perform the
speci�ed functional unit of the assessment.

Figure 5.1: Stage 2, the LCI

There life of a product can be divided into 4 life cycle stages. These are the:Materials & manufacturing ,
Installation , Operation & Maintenance and End of Life stages. The boundary condition chosen for this
LCA is Cradle to Grave. Therefore, the impacts over all 4 life cycle stages are included in the assessment.
The elements included within each life cycle stages were stated in section 4.5.

The manufacturing life cycle stage is split into 3 sections. Section 5.1 �rst details the design and man-
ufacturing of the AWE system, followed by the design of the HAWT system in 5.2 and the BOS in 5.3.
The installation, O&M and EOL life cycle stages are subsequently modelled in sections 5.4, 5.5 and 5.6.

This presents the base-case system, variations are only included in the sensitivity analysis.
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5.1 Manufacturing of AWE System
Manufacturing of the AWE system is divide into 5 individual subsystems. The subsystem boundaries are
chosen, based on the functions performed within the AWE system. Their selected boundaries are chosen
for optimal comparability to HAWT technology, but also for best relatability for other AWE system
designs. Table 5.1 states the components included within each subsystem. Each subsystem is modelled
individually over the following sections.

Figure 5.2: The generally considered subsections of the Ampyx system (Mission In-
novation).

Aircraft Tether Ground station Land/Launch Foundation
Wing Top Section Drum platform Foundation
Fuselages Bottom Section hydraulic drivetrain Yaw system
Tale Generators Catapult

Converters Shifter
Transformers
Control systems

Table 5.1: AP4 System components close-up
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5.1.1 Aircraft

The Aircraft is a rigid wing glider with an predicted wingspan of 53.7 m and a wing surface of 300
m2. It is modelled according to Ampyx predictions, however the actual design of a large scale Ampyx
AWE system is still entirely unde�ned. The presented design is therefore largely based on scaling from
the AP3 model, accompanied with expected improvement potentials and prospected design changes for
future larger scale systems.

The mass of the 5 MW aircraft is assumed 20 mt. This mass is the outcome of a modelling estimation
provided by Ampyx, which includes signi�cant design improvements compared to current designs. An
extreme mass case can be de�ned by direct scaling based on the AP3 design. Scaling this pre-commercial
model up to 5 MW leads to an aircraft with an approximate mass of 34 mt and a wingspan of 64 m.
Reduction to a mass of 20 mt includes assumptions for signi�cant aircraft design changes and technological
improvements of materials and components.

Potential methods to further reduce the aircraft mass are: by re-design to use a �xed instead of a
retracting landing gear, or by using a combustion engine instead of the currently used battery powered
propulsion. Mass reductions may also be presented by the usage of improved manufacturing methods.
This is especially the case for CFRP components.

The presented material composition of the aircraft is that of the scaled up version of the AP3 model.
The mass reduction from the 34 mt to the 20 mt aircraft are therefore considered to be carried equally
over all components of the design. Further optimisation of the design is stated to be able to reduce the
mass of the aircraft even further. E.g. by replacing the heavy battery propulsion system with (hydrogen)
combustion propulsion. This would however require an extreme redesign of the material composition of
the aircraft and is therefore excluded from this report.

Figure 5.3: Rendered model of the AP3 aircraft design (Diehl et al., 2017).

The aircraft subsystems are assumed equal to the AP3 system design presented in �gure 5.3. This is
build up from 3 subsystems: The wing, the fuselages, and the (horizontal) tale. The wing and tale
systems are mostly structural and aerodynamic control components. They primarily contain of CFRP
and aluminium structures combined with actuator systems. The largest masses of the aircraft are located
in the two fuselages which carry various heavy system such as the battery-propulsion system and the
landing-gear. Global indications of the masses and materials used in the di�erent aircraft sub systems
are provided in tables 5.2 and 5.3.

Unit Total Wing Tale Fuselages

Fraction of mass - 100% 27.0% 7.5% 65.5%
Mass kg 20000 5400 1500 13100

Table 5.2: Mass distribution of the aircraft, replacements not included

The materials used in the aircraft are:
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Material/Component Total Wing Tale Fuselages

CFRP 48.2% 45.2% 48.8% 49.3%
Aluminium 13.63% 19.6% 1.8% 12.5%
Batteries 12.77% 0% 0% 19.5%
Motors 12.58% 14.5% 43.2% 8.4%
Titanium 2.70% 8.6% 0% 0.6%
Stainless steel 1.6% 3.9% 2.7% 0.6%
High strength steel 4.1% 4.5% 4.5% 4.5%
Low alloy steel 2.03% 0% 0% 2.0%
Additional � 2.33% 3.71% 0% 2.03%

Table 5.3: Material percentages in the aircraft. First as a total followed for each of the
subsystems individually. � : Additional materials are: 1.25% electronics for control,
0.24% cables, 0.05% tire and 0.01% GFRP. 0.73% of the material mass is unknown
and excluded. Replacements not included.

It should be noted that the mass fractions within the aircraft are expected to contain errors. The wing
skins appear to missing in the data, their inclusion would lead to a higher fractions of FRP material wing
subsystem. The total mass of the system was however provided otherwise and would not be inuenced.

The motors dataset represents both the propulsion motors as the actuators for all control surfaces. The
propulsion motor only represents 32.6% of the motor-related data-set. Totalling only 4.1% of the total
aircraft mass. The propulsion system mass is however largely de�ned by its battery packs, which represent
11.7% of the total mass of the aircraft. Not including their replacement after 10 years of operation.

The CFRP material is modelled as presented in the subsection below. The motors are modelled by a
data set for electric car motors. The batteries are modelled as prismatic Li-Ion rechargeable batteries, as
could be used in electric cars.

5.1.1.a Fibre Composite Structures

When CFRP is mentioned in this report, it includes the �bres, epoxy, core, glue and coating of the skins
and structural elements of the aircraft. Carbon Reinforced Fibre Polymers (CFRP) are exceptionally
strong but low weight composite materials. Their low weight to high strength ratio makes them perfect
for use in the aircraft, where the mass directly relates to the e�ciency and potentially even the feasibility
of AWE technology.

CFRP makes up for 48.2% of the total mass of the aircraft. This includes the carbon �bres, the epoxy
resin, core materials, adhesives and all coatings on the aircraft. The exact mass and mass composition
of CFRP components can strongly deviate based on design choices and the considered manufacturing
method. The manufacturing method assumed in this report is that of Resin Infusion (RI).

Figure 5.4: The structure of FRP laminates (EFW)

Resin Infusion is one of the most commonly used manufacturing methods for FRP materials. It uses
vacuum pressure to pull liquid resin into the matrix of the �bre reinforcing mats (�gure 5.5). The speci�c
CFRP composition strongly deviates depending on the function of a component. The CFRP wing skin
has a di�erent composition than the structural elements inside the wing. The material composition of the
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CFRP mixture is assumed as an average over all components in the aircraft. This average composition
(presented in table 5.4) is approximated based on a previous internal study on the composition of the
wing structure alone (Fagan, 2020).

Figure 5.5: The resin infusion manufacturing process (Composites World, 2016)

Material wt% wt% wt%

Fibre/Epoxy mix 85.7% 100% -
Carbon �bres - 60% 51.4%
Epoxy resin - 33.9% 29.1%
Hardener - 6.1% 5.2%

Core 4.77% - 4.77%
Glue 5% - 5%
Coating 4.5% - 4.5%

Table 5.4: Material composition of the �bre composite structure materials 1: wt% of
components, 2: Wt% within �bre/epoxy mix, 3: Wt% of speci�c material mix.

Fibres Carbon �bre production is a highly energy intensive process. Therefore it comes with signi�cant
impacts per kg of material. The �bres will represent approximately 60% of the mass in the carbon
�bre-epoxy mixture. This is a reasonable indication of the ideal CFRP composition, deviations in this
composition would strongly inuence the properties of the material. The impacts of the �bres are the
driving factor for the large impacts of the CFRP components. Apart from the �bres, CFRP mostly uses
the same materials as GFRP.

The impact of 1kg of carbon �bres strongly deviates between di�erent reports. The values used in
this report were extrapolated from the Eco calculator of the European Composites Industry Association
(EuCIA; Scheepens et al., 2020). Leading to a GWP of 39.2 kgCO2eq and a CED of 789 MJ per kg of
carbon �bre after conversion to the CML method.

These values represent the impacts of PAN type carbon �bres. PAN (polyacrylonitrile) based carbon
�bres are the most commonly used (fossil based) �bre type. The major driver behind the impacts of
the �bres is the energy requirements to produce these PAN �bres. Carbon �bres can however also be
made from a lignin base. Lignin is extracted from wood-pulp and is a waste product from the biomass
energy industry. The impact of these Lignin based �bres also strongly deviates per report, however recent
research states that lignin based carbon �bres could potentially be produced with an impact lower that
that of glass �bres (GreenLight, 2021). Whether these �bres will also su�ce for usage in AWE systems
is not known. Lignin based �bres (as well as recycled �bres) are short �bres, which reduces the CFRP
strength (Mouritz, 2012).

Polymers The polymer mix is a 2 component mixture of a plastic and a curing agent. The most
commonly used polymer type in FRP products is thermoset plastic. Recent research and announced
recycling legislation are however indicating a potential shift to the usage of thermoplactic polymers. This
switch would strongly improve the recyclability of FRP materials.
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The polymer mix considered in this assessment is (a thermoset type) Epoxy Resin mix. The mix is
a 100:18 epoxy to curing agent wt% mixture as found on product sheets (FibreGlast). The epoxy is
modelled as liquid epoxy resin and is mixed with an ethylenediamine epoxy curing agent. Impacts for
both materials is collected from the ecoinvent database.

End of Life The EOL treatment of the blades of wind turbines is still a major issue once the turbine
is decommissioned. The recyclability of the blades could be improved if di�erent polymer materials were
used. A signi�cant problem with recycling of FRP materials is that current processes to remove the
thermoplastic polymer material also damage the �bres. This is especially the case for glass �bres, for
which (new) virgin material is incredibly cheap to make. Therefore recycled glass �bres are not only
weaker, they are also more expensive.

This is di�erent with carbon �bres. These �bres are not damaged as much by the recycling process.
Additionally, virgin carbon �bres are signi�cantly more expensive than glass �bres. Therefore CFRP
might be more applicable for useful recycling, given its lower function-to-value loss.

Current research is also performed on the use of thermoplastic polymers to replace the thermosets used
in FRP (Froese, 2017; Wismans, 2020). The signi�cantly improved recyclability of thermoplastic based
FRP could potentially result in signi�cant impact reductions for FRP products. It will however take a
while for the HAWT industry to make this change. It has also not been assessed in this work.

Core, paint and glue The main function of the core material in �bre reinforced polymers (FRP) is to
serve as a sti� spacer between the layers of high strength �bre-epoxy mix. Core materials are chosen for
maximal sti�ens and minimal material density. Frequently used core materials are e.g.: Plastic foams,
balsa wood and geometric honeycomb structures.The density of core materials in aircraft structures
generally ranges between 75 an 275 kg/m3 (Mouritz, 2012). Weight restrictions of the AWE aircraft lead
to the reasonable assumption that the core material with the lowest density will be used. In which case
honeycomb structures are the preferred material. This assessment however models the core material as
PVC foam with a density of 200 kg/m3 , solely due to data availability. This may underestimate the
impact of the core. The core represents 4.77% of the mass of the CFRP materials.

Paint is modelled according to the top-coat data set of the EUCIA ecocalculator. It represents 4.5% of
the mass of the CFRP materials.

The glue is modelled as a polymer and curing agent mixture with the same materials as the polymer in
between the �bres. It is modelled as 2/3rd liquid epoxy resin and 1/3rd ethylenediamine epoxy curing
agent. It represents 5% of the mass of the CFRP materials.

Processing Resin Infusion processing impact is 1.23 kgCO2/kg CFRP and 18.6 MJ/kg FRP material,
the glue and paint has not been excluded from this mass. This processing impact is gathered from the
EuCIA eco-calculator and only represents the energy consumption of production. No additional impact
has been included for the machinery needed to manufacture the products. The data set is presented as
an approximation independent from the �bre content.

Production of a FRP component using an RI method requires additional manufacturing consumables.
These are largely di�erent layers of fabrics to improve the equal spread of the liquid polymer, �gure 5.6.
Table 5.5 states all additional material losses and consumables included for both CFRP as for GFRP
materials. The used 'cumulative' surface area for the consumables and length of resin tubes are related to
the mass of the FRP products. these values represent an average CFRP thickness of 6.67 mm, assuming
an average density of 1500 kg/m3 .
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Figure 5.6: Consumables layers CFRP manufacturing (EFW)

Material Unit Value comment

Carbon �bres wt% loss 25%
Epoxy resin wt% loss 4.6%
Hardener wt% loss 4.6%
Core wt% loss 25%
Glue wt% loss 5%
Coating wt% loss 0%
Vacuum �lm g/m 2 143.75 LDPE packing �lm
Peel ply g/m 2 181.25 Proxy by non-woven polyester textile
Breather fabric g/m 2 1331.25 Non-woven polyester textile
Flow media g/m 2 390.63 Proxy by non-woven polyester textile
Release �lm g/m 2 46.88 LDPE packing �lm
Resin tubes g/m 655 LDPE granulates, plastic pipe extrusion
Square meter assumed m2/kg 0.1
Meter assumed m/kg 0.05

Table 5.5: CFRP manufacturing scraps and consumables. These values are estima-
tions presented by Fagan (2020).

Each of the manufacturing consumables is available in many di�erent material options. The simplest
available options have been used. The consumables are only used once, they are modelled with an
additional waste%. This is 5% for the resin tubes and 20% for all other consumables, equal to the
fraction of waste assumed for the �bres. Additionally excluded consumption materials are: sealant tape,
mould release and a VAP membrane. Their masses can be neglected.

Other CFRP processing The chosen processing method for the CFRP materials is that of Resin
Infusion. There are however numerous manufacturing methods, and material types that could be used.
Di�erent manufacturing methods are able to produce the CFRP components with more accuracy, and
signi�cantly less mass, Fagan (2020). These variation were not assessed further in this report. But could
have a large e�ect on the impacts of the AWE system.
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5.1.2 Tether

Only a select few materials are able to meet the material requirements essential for e�cient AWE op-
eration. The tether of a Ground-Gen AWE system is subjected to immense tension forces. Yet, heavy
tethers with large diameters would provide critical problems for AWE operation. The most commonly
used material for the tether is UHMWMPE, speci�cally that produced by Dyneema DSM, who has been
a partner to the sector.

Dyneema is an Ultra High Molecular Weight PolyEthylene (UHMWPE) also known as High Modulus
PE (HMPE) �bre. This is a PE type material with extra long polymer chains with high crystallinity.
Its high strength to weight ratio makes it ideal for use in AWE. Tethers for Ground-Gen systems only
have to transfer the force down to the ground-station, and not electricity as it would be the case for
Fly-Gen systems. These tethers are made from braided strands of the UHMWPE �bres to form the
ropes. This braided roping is required to prevent the rope from unraveling. This does however also halve
the maximum breaking load of the �bre materials (Bosman et al., 2013).

Figure 5.7: Braided tether (Bosman et al., 2013)

The Yo-Yo operation of Ground-Gen AWE systems means that the tether is cyclically wound onto a
drum every few minutes. At every bend of the tether, thus also on the sheaves, the internal �bres and
strands of the rope move in respect to each other. Friction coe�cients within the rope, coupled with these
internal movements, lead to friction forces, heat build up and wear damages within the rope. Repetitive
bending of the rope leads to accumulated damages, therefore requiring frequent tether replacements. The
negative e�ect of the tether-wear can however be minimised. Firstly; by using a coating. Tethers for
AWE uses are coated with 10 to 15wt% coating in between the �bres of the rope. The function of the
coating is to reduce the friction coe�cient between the �bres. Thereby reducing the negative friction
forces, heat build up, and damages when the �bres move around (Meuwissen et al., 2013).

Secondly; Tether wear is inuenced by the drum size and the stress on the �bres (Bosman et al., 2013).
Relative movement of the �bres can be reduced by reducing the angle of the bend. This results in a
relation between the diameter of the tether and that of the Drum on which it is wound. For the same
reason, sheaves should be minimised in number, and maximised in size. It also means that drums for
future multi MW systems continue to have to grow larger.

Figure 5.8: The relation between forces, D/d and nr of cycles to failure for Dyneema
SK75 �bres, only indicative for the relation (Bosman et al., 2013)

A third way Ampyx minimises the impact of the tether is by sectioning the tether into a top section
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that stays in the air in normal traction operation and a bottom (winding) section that is cyclical wound
onto the drum. Both sections need to be optimised for di�erent failures and performances. The bottom
sections will rupture from bending damages far before creep has an e�ect. The top section can however
be much smaller in diameter, carrying higher stresses. Thereby it can be optimized to reduce the tether
drag which is a serious problem when the tether gets longer and larger.

Sizing and Modelling:

The tether is modelled as 1200 m long, with a top section of 900 m long and a diameter of 5 cm. The
bottom (winding) section of 300 m long and a diameter of 7.4 cm. The diameter of the top section was
stated to be approximately 2 cm thinner than the diameter of the winding section. The diameter of the
winding section was determined based on a provided maximum tether force of 1170 KN. The maximum
stress over the tether was approximated to be 312 MPA based on values presented in Bosman et al.
(2013). This tether stress equals a force of approximately 18% of the maximum break load and 0.33
N/tex.

The tether force is considered to be carried by the UHMWPE alone. This accounts for a diameter of 6.9
cm. Both sections are modelled with 12 wt% coating. The actual material of the coating is unknown,
however, similar rope coatings are made from silicon polymers. The coating is modelled with a data-set
representing average silicone product manufacturing, including silicone polymer materials. The linear
density of both the coating as the UHMWPE are 790 kg/m3. The feasible tether lifetimes are assumed
1 year for the winding section, and 7 years for the top section.

Component Unit Bottom Top Total

Lenght m 300 900 1200
Diameter cm 7.4 5.0 -
Lifetime Years 1 7 -
Mass installed kg 1240 1948 3188
Mass life kg 24801 5844 30645

Table 5.6: Tether specs for the Bottom section, the Top section and the Total tether

The tether is modelled with 3 elements; the UHMWPE �bre material, the coating material, and rope
making processes. The impacts of the UHMWPE �bres are acquired by personal communication with
Dyneema DSM. Dyneema DSM is a partner company in the MegaAWE research group, working on
realisation of large scale AWE, and a leading company in the HMPE industry. DSM produces these
�bres with a large share of renewables, thereby the values used in this report are only known to represent
the UHMWPE of Dyneema DSM speci�cally. But would not hold for generic HMPE �bres (Bosman,
2021; Dyneema).

Material/Component GWP[kg CO 2eq/kg] CED [MJ/kg] Comment

Tether 8.87 287.8 -
HMPE �bres 7 to 8.5 300 Bosman (2021)
HMPE �bres biobased 2 to 3.5 - Bosman (2021)

Table 5.7: Impacts of tether and UHMWPE materials

The most conservative value of 8.5 kgCO2eq/kg HMPE has been used in this report. Neither the method
nor the boundary conditions used in the Dyneema LCA report are known. It is however still considered
to be the most accurate impact indication available at this time.

Final production into ropes is often performed by intermediate manufacturers. This processing is modelled
with 2 processes: extrusion spinning to create the longer strands and weaving of synthetic �bre as a
representative for braiding of the rope. An additional 3% of production losses are accounted for in the
roping processes. 1.5% for each process, as is stated in the weaving of synthetic �bres dataset found
in the Ecoinvent database. The impacts of the spinning process were collected from a Idemat dataset
(polymer �laments 80-500dtex).
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Bio-based and the energy mix
The same communication with DSM yielded that the biobased UHMWPE would have an even lower im-
pact of only 2 to 3.5 kgCO2eq/kg �bre. This same reduction of 5 kgCO 2eq was stated earlier publications
by DSM (Dyneema). These bio-based values are currently considered too optimistic for usage in this
LCA work, especially due to the already high uncertainties. It does however indicates that there is still
signi�cant potential for improvement.

Alternatively, it can also be approximated what the impacts of the �bres would be in a more fossil-based
energy mix. Highly conservative; 300 MJ CED of the dutch medium voltage energy mix equals a GWP
of 19.3 kgCO2eq and an output energy of 110 MJ. This quick assessment does however not take into
account that the CED of the UHMWPE �bres would also have been higher with a more fossil-based
energy mix. This 19.3 kgCO2eq therefore only represents an absolute minimum impact indication for
generic UHMWPE �bres produced without the high fraction of renewables. DSM Dyneema con�rmed
this with an expectation of 25+ kgCO2eq/kg UHMWPE or higher for generic UHWMPE.
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5.1.3 Ground Station

The ground station (also PGA) is the collective of the components required to transform the tether forces
into electrical energy at 33 kV. It includes the drum, the hydraulic system, the generators, the converters
and the transformer. The ground-station sub-system boundaries are selected to be comparable to the
drive-train in an HAWT system, therefore holding most elements generally found in the nacelle. It does
however not include the yaw system, which is considered part of the Land and Launch system for AWE.

The drive-train of a large AWE system remains uncertainty. The drivetrain presented in this assess-
ment used hydraulic transmissions and accumulators. This is considered one of the best options at this
time. Although the hydraulic drive train is indeed one of the considered systems by Ampyx, the system
presented below is a personal design based on the potential future.

All systems are modelled with an additional 0.1 wt% of paint (4.5% for the FRP materials).

5.1.3.a Drum

The drum size strongly depends on the required tether dimensions. A larger rated AWE systems need to
transmit higher forces over the tether, which results in larger diameter tethers. The diameter of the drum
is subsequently scaled with the diameter of the tether to minimise its wear damages. Therefore, both the
forces on the drum as the diameter of the drum increase with increasing system sizes. It is expected that
the mass of conventional drum systems (that would be able to handle these extreme torques and forces)
would exceed feasible boundaries for AWE operations; As large drum masses lead to high mass inertia
losses at every transition between the traction and the retraction phases of the operational cycle. The
presented drum and PGA system described below are only a personal design for a large scale future. It
is accepted, but not designed by Ampyx. The modelled drum design is not validated for feasibility.

The diameter of the drum is taken at 55� the diameter of the tether, making the drum diameter 4meters
in diameter. The drum is designed to hold the entire winding section of the tether on the �rst level of
the drum; making the width of the drum approximately 2 meters (with includes an extra 8% spacing).
The maximum tether force is stated to be 1170 KN at the traction phase. At this tether force acting
on the drum with a diameter of 4meters, the (static) torque on the drum axle would reach 2340 KNm.
Which far exceeds the values stated on spec sheets of most similar winches and cable reeling systems
(HydrauVision).

Figure 5.9: Proposed personal drum design that uses hydraulic piston mo-
tors/generators connected directly to the shell. There reducing the mass inertia of
the drum by removing the heavy center (axle).

The presented drum is only a shell, without an centre axle, inspired by hub-less wheels. It rotates on
4 o�-center axles, each connected to two hydraulic motors. The 4 axles are supported by a heavy steel
support structure. It e�ectively relocates the structural mass from the rotating component to a static
component to reduce inertial losses.
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