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Marta Pellegrino

Abstract

This thesis analyses the biggest issues and gaps that affect current LCA
(Life Cycle Assessment) practices in the space sector. It addresses how the
difficulty in collecting data affects the results of the studies, indicating how an
information-sharing framework, supported by the right set of laws and acts,
could benefit all users. Future changes affecting launcher architectures, and
therefore LCI (Life Cycle Inventory) databases, are also discussed.

The document then defines the steps that need to be included when deter-
mining the impact due to the testing and propellant combustion of a launcher.
Moreover, it includes the modelling, based on data collection from available
off-the-shelf products, of the main components usually found in a launch vehicle.
The modelled components are then used to create and analyse the Ariane 6
launcher, with the goal of defining the environmental hotspots and eventual
life cycle phases with a negligible impact. It can be concluded that most of the
impacts, for which the manufacturing and launch phases are mostly responsible,
affect the GWP (Global Warming Potential) and rare minerals resource use
categories. Large structures, avionics and propellant production are the most
impactful processes, and therefore the ones on which sustainability efforts
should focus.

Lastly, it can be observed how architectures with more boosters, whose overall
impact is higher, are actually the more sustainable choice when normalising the
results per kilogram of payload placed into orbit: it is therefore less impactful
to use a bigger launch vehicle with a higher payload capacity than multiple,

smaller launchers.






A Nonna Maria Laura, nella speranza che i tuoi genietti matematici mai

possano sequire ovunque 1o vada.

I1I






Dedications

First and foremost, I would like to thank Prof. Afonso, Prof. Ribeiro and Prof.
Viola for their time, support and willingness to share their knowledge; I am
sure I will carry my passion on the topic and your precious advice with me
throughout my working career.

A special thank you is due to all the teachers and professors who guided me
through my education, and especially to Prof. Falabino, who made me fall in
love with physics all over again, and to Maestro Pent, who showed me life is
not all about maths and numbers.

This degree would not be the same if many different people had not crossed
my academical path. To my uni friends, Antonino, Davide, Emma, Germano,
Giovanni, Greta, Federico, Filippo, Matteo, Michele, Nicolo and Saverio: thank
you for the support, the laughter and the endless boring classes we shared; and
to the Portuguese Sueca-nauts, thank you for making me feel welcome and at
home this past year.

To Nico, who deserves a special mention for all the time we have spent annoying
each other: thank you for never leaving my side from day one, I hope you will
keep on being the Leclerc to my Sainz for many years to come.

To Giulia and to our never ending chat: thank you for being there literally
24/7, even though mathematicians and engineers are not supposed to get along.
To my life-long friends: thank you to Alice, Chiara and Giorgia for the past ten
years of laughter, embarrassing moments and breakfasts together. To Edoardo,
the best desk-mate one could ever ask for: thank you for letting me know that,
no matter how late I started studying, I could always count on you to start
even later. To Pietro: I am glad we have been there for each other’s milestones
for the past 21 years; let’s just make sure we get hired from the same company
to keep our tradition going.

To my aunts, uncles and cousins: thank you for the interest you show each

v



time I rant about rockets and outer space, it truly fuels my passion and keeps
me motivated.

To nonna Maria Laura, you may not be here with us, but I know you will
keep on being my N°1 fan and celebrate with my granddads up there; and to
nonna Graziella, who has quietly never failed to check on me and show me her
support.

To Alessandro, and to the countless adventures we have shared: thank you for
being there through the highest highs and lowest lows, I will never be thankful
enough to the infamous Version 16 for making us meet.

To my not-so-little brother Mat, even with your head up in the clouds, you
never fail to show me how proud you are of me.

And lastly, the biggest thank you to my mum, who is still afraid of flying
no matter how much I try to reassure her, and to my dad, the original Ing.
Pellegrino: this degree would not have been possible without your support, I
hope I have made you proud.



Table of Contents

Dedications
List of Figures
List of Tables

1 Introduction
1.1 Motivation . . . . . . . ..o
1.2 Topic Overview . . . . . . . . . . .. .
1.3 Objectives . . . . . . . .
1.4 Thesis Outline . . . . . . . ... ... ... ... .. ...,

2 State of the Art
2.1 Specific Data & Data Collection . . . . . . . . ... .. .. ...
2.1.1 Regionalisation . . . .. .. .. ... ... ... ...
2.2 Material Obsolescence and the Use of Prospective LCA Tools . .
2.3 Addressing Heritage . . . . . . . . ... ... L.
2.4 Future Sustainable Launchers . . . . . . .. ... ... .....
2.4.1 Reusability . ... ... ... oo
2.4.2 Green Propellants . . . . . . .. ... ...
2.5 Current Research Gaps . . . . . . . .. ... ... ... ... ..

3 Methodology
3.1 Testing . . . . . . .
3.1.1 Thrust Measuring Tests . . . . . .. .. ... ... ...
3.1.2 Pressure Vessel Tests . . . . ... ... ... ... ....
3.1.3 Shake and Bake Tests . . . . . .. ... .. ... ....
3.1.4  Environment Tests . . . . .. ... .. ... .......
3.1.5 Modelling and Simulation . . . . ... ... ... ... ..
3.1.6 Roll-Out Test . . . . . . .. .. ... ... ... ...,
3.1.7 Flight Test . . . . .. .. .. .
3.2 Sector Specific Pollution . . . . . ... .. ... ... ......
3.2.1 Global Warming . . . . . .. .. .. ... ...



3.2.2 Ozone Depletion . . . ... .. ... ... ........ 26
3.2.3 Launch Vehicle Emissions . . . . .. ... ... .. ... 27

3.3 Implementation of Launch Vehicle Components . . . . . . . .. 29
3.3.1 Structure . . .. . ... ... 30
Small Lift Liquid Propellant Launch Vehicles . . . . .. 31

Medium Lift Liquid Propellant Launch Vehicles . . . . . 32

Heavy Lift Liquid Propellant Launch Vehicles . . . . . . 37

Super Heavy Lift Launch Vehicles . . . . . . .. ... .. 42

Solid Rocket Motors . . . . . . . ... ... ... ... 42
Mechanisms . . . . . . .. ... Lo 43

3.3.2 Propulsion System . . ... ... ... ... .. 44
Liquid Rocket Engines . . . . . . . ... ... ... ... 44

Igniters . . . . . . ..o 49

3.3.3 Power System . . . ... ... 50
Power Storage . . . . . . . ... Lo 50

Power Distribution . . . . .. ... ... ... .. .. .. 51

Power Conditioning . . . . . . . ... ... ... .. ... 51

3.3.4 Communication System . . . . . ... ... ... ..., 54
Radios . . . . . . . . . . 54

Antennas . . . . ... 55

3.3.5 Command & Data Handling System . . . ... .. ... 56
Command Computers . . . . ... ... ... ...... 56

Data Storage Units . . . . . . .. ... ... ... .... Y

Data Distribution Units . . . . .. ... ... ... ... 58

3.3.6  Guidance, Navigation and Control System . . . . .. .. 58
Thrust Vectoring . . . . . .. .. .. ... ... ... . o8

Control Surfaces . . . . . .. .. ... .. 61

Navigation Sensors . . . . . . .. .. ... .. .. .... 61

Computers. . . . . . . .. .. 61

3.3.7 Emergency Systems . . . . . .. ... ... 62

4 Ariane 6 LCA Goal, Scope and LCI Definition 65
4.1 Goaland Scope . . . . . ..o 65
4.1.1 Functional Unit . . . . . . .. ... ... .. ... ... 66
4.1.2 Boundaries . . . .. ... ... 66

4.2 Vehicle Components Inventory . . . . . . . ... ... ... ... 67
4.2.1 Structure . . . ... 67
Main Structure . . . . . ... ... .. 67
Mechanisms . . . . . . . .. .. ... 68

4.2.2 Propulsion System . . . . . ... ... 0L 68
4.2.3 Power System . . . . .. ... 69



5

4.2.4 Communication System . . . . .. ... ... ... ...
4.2.5 Guidance, Navigation and Control System . . . . . . ..
4.2.6 Command and Data Handling System . . . . . ... ..
4.27 Emergency Systems . . . . . . .. ...
4.2.8 Other Avionics . . . . . . . . ...
4.3 Testing . . . . . . .
4.3.1 Thrust Measuring Tests/Static Fire Tests . . . . . . . ..
4.3.2 Pressure Vessel Testing . . . . . . .. .. ... ... ...
4.3.3 Shake and Bake Tests . . . . . ... ... ... .....
4.3.4 Environment Tests . . . . . . . ... ... ... ... ..
4.3.5 Roll Out Tests . . . . . . .. .. ... ... ... ...,
4.3.6 Full Rehearsal and Flight Tests . . . . ... ... .. ..
4.3.7 Testing Sensitivity Analysis . . . .. ... ... ... ..
4.4 Transportation . . . . . . . ... ... Lo
4.4.1 Avionics & Small Scale Components . . . . . . .. .. ..
4.4.2 Main Components . . . . . . .. .. ... .. ... ..
4.4.3 Transportation to Launch Pad . . . . . . . ... ... ..
4.5 Launch . . . .. .. .. . o

Ariane 6 LCA Impact Assessment and Result Interpretation
5.1 Complete Program Impact Analysis . . . . . . . ... ... ...
5.1.1 Testing . . . . . . . .o
5.1.2  Manufacturing . . . .. ..o
5.1.3 Transport . . . . . . . ..o
5.14 Launch. . . . . ... ... ... ... ... ...
5.1.5 Benchmarking . . . . .. .. ... ... oL
5.2 Ariane 6 Architectures Comparison . . . . . . . ... ... ...

Conclusions
6.1 Achievements . . . . . . . . .

6.2 Future Work . . . . . . . .

A Ariane 6 Tank Volume

A.1 Lower Stage Tanks . . . . . ... ... ... ... ... ....
A.2 Upper Stage Tanks . . . . . .. ... ... ... ...

81
81
83
85
86
87
38
89

93
93
94



List of Figures

2.1 Example of REACH Affected Substance Banner [17] . . . . . . . 12

3.1 TImpact Analysis of 1 kg of LO,/RP-1 with Original ESA Method 26
3.2 Impact Analysis of 1 kg of LO,/RP-1 with Modified ESA Method 26

4.1 Ariane 6 LCA Boundaries . . . .. .. ... ... ... ..... 66
4.2 Avionics Sensitivity Analysis Results . . . . .. ... ... ... 73
4.3 Testing Sensitivity Analysis Results . . . . .. ... .. ... .. 75
4.4 Kourou Space Centre Launch Site Assembly [222] . . . . . . . . 79
5.1 Ariane 6 Program LCA Results Characterisation . . . . . . . .. 82
5.2 Ariane 6 Program LCA Results Weighting . . . . ... ... .. 83
5.3 Ariane 6 Testing Impact Threshold Analysis . . . . .. ... .. 84
5.4 Ariane 6 Testing Characterisation . . . . . . . . ... ... ... 84
5.5 Ariane 6 Manufacturing Characterisation . . . . . . . . . .. .. 85
5.6 Ariane 6 Avionics Manufacturing Characterisation . . . . . . . . 86
5.7 Ariane 6 Transport Characterisation . . . .. ... .. ... .. 86
5.8 Ariane 6 Launch Characterisation . . . . . ... ... ... ... 87
5.9 LO,/LHjy Impacts Characterisation . . . . . ... .. ... ... 88
5.10 NH4ClO4/Al/HTPB Impacts Characterisation . . . . . . . . .. 88
5.11 Ariane 6 Architectures Comparison . . . . . . . .. .. ... .. 90
5.12 Ariane 6 Architectures Comparison Per kg of Payload . . . . . . 90
5.13 Ariane 6 Architectures Comparison (Same Payload) . . . . . . . 91



List of Tables

2.1

2.2
2.3

3.1
3.2
3.3
3.4
3.5
3.6
3.7
3.8
3.9
3.10
3.11
3.12
3.13
3.14
3.15
3.16
3.17
3.18

3.19

3.20

3.21

3.22

Regionalisation of Products in ESA’s LCI (Life Cycle Inventory)

database [17]. . . . . . . .. 8
Possible REACH Affected Substances . . . . . . ... ... ... 11
Modification & Manufacturing Heritage Scores [39] . . . . . .. 13
Black Carbon Emissions for Most Common Fuel Types [52] . . . 23
Additional Metrics for Black Carbon . . . . . .. ... ... .. 24
Additional Metrics for Most Common Rocket Pollutants . . . . 25
LO,/LHy Emissions . . . . . . .. . ... ... . ... ... ... 27
LO,/CHy Emissions . . . . . . .. ... ... . ... ... ... 27
LO4/RP-1 Emissions . . . . . ... ... ... .. ... .. ... 28
N5O4/CHgNy Emissions . . . . . . ... ... ... ... .... 28
N5O4/CoHgNy Emissions . . . . . . . .. .. ... L. 28
NH,ClO4/Al/HTPB Emissions . . . . ... .. ... ... ... 28
Heat of Reaction for Most Common Rocket Propellant Combustion 29
Lower Stage Structural Mass of Small-Lift Launchers . . . . . . 31
Interstage Mass of Small-Lift Launchers . . . . . .. ... ... 31
Upper Stage Structural Mass of Small-Lift Launchers . . . . . . 32
Fairing Mass of Small-Lift Launchers . . . . . . . ... ... .. 32
Medium-Lift Launch Vehicle Parameters . . . . . . ... .. .. 33
Lower Stage Structural Mass of Medium-Lift Launchers . . . . . 33

Manufacturing Processes for Medium-Lift Launchers - Lower Stage 34

Medium-Lift Launcher Interstage (Sandwich Structure) Manu-

facturing . . . . . ..o 34
Medium-Lift Launcher Interstage (Aluminium Structure) Manu-
facturing . . . . . ..o 35
Upper Stage Structural Mass of Medium-Lift Launchers (Alu-
minium) . ... 35

Manufacturing Processes for Medium-Lift Launchers - Upper
Stage (Aluminium) . . . .. ... 36
Upper Stage Structural Mass of Medium-Lift Launchers (Stain-
less Steel) . . . ... 36



3.23

3.24
3.25
3.26
3.27
3.28

3.29
3.30

3.31
3.32

3.33

3.34
3.35

3.36
3.37
3.38
3.39
3.40
3.41
3.42
3.43
3.44
3.45
3.46
3.47
3.48
3.49
3.50
3.51
3.52
3.53
3.54
3.55
3.56

Manufacturing Processes for Medium-Lift Launchers - Upper

Stage (Stainless Steel) . . . . . ... L 37
Fairing Mass of Medium-Lift Launchers (CFRP) . . . . . .. .. 37
Heavy-Lift Launch Vehicle Parameters . . . . . . ... .. ... 38
Lower Stage Structural Mass of Heavy-Lift Launchers . . . . . . 38

Manufacturing Processes for Heavy-Lift Launchers - Lower Stage 39
Heavy-Lift Launcher Interstage (Sandwich Structure) Manufac-
turing . . . . ..o 39
Heavy-Lift Launcher Interstage (GFRP Structure) Manufacturing 40
Upper Stage Structural Mass of Heavy-Lift Launchers (Alu-
minium) . . ... 40
Manufacturing Processes for Heavy-Lift Launchers - Upper Stage 41
Upper Stage Structural Mass of Heavy-Lift Launchers (Stainless

Steel) . . o oL 41
Manufacturing Processes for Heavy-Lift Launchers - Upper Stage
(Stainless Steel) . . . . . .. ..o 42

Heavy-Lift Launcher Fairing (Sandwich Structure) Manufacturing 42
Heavy-Lift Launcher Fairing (Carbon - Glass Fibre Composite

Structure) Manufacturing . . . . ... ... oL 43
Solid Rocket Motor Structure, <1,000 kN Thrust . . . . . . .. 43
Solid Rocket Motor Structure, >1,000 kN Thrust . . . . .. .. 44
Mass Percentage of Main Engine Components - 1 [126] . . . . . 45
Mass Percentage of Main Engine Components - 2 [126] . . . . . 45
Level 3 Thrust Engine Mass . . . . . . ... ... ... .. ... 46
Level 3 Thrust Engine Components Mass . . . . . . .. ... .. 46
Level 4 Thrust Engine Mass . . . . . . .. ... ... ... ... 47
Level 4 Thrust Engine Components Mass . . . . . . .. ... .. 47
Level 5 Thrust Engine Mass . . . . . . .. ... ... ... ... 48
Level 5 Thrust Engine Components Mass . . . . . . ... .. .. 48
Ignition Controller Specifications . . . . . . ... ... ... .. 49
Battery Specifications . . . . . . .. ... 50
Power Distribution Unit Specifications . . . . . .. .. ... .. 51
DC-DC Converter Specifications . . . . . . . .. ... ... ... 52
EMI Filter Specifications . . . . . . .. ... ... ... ... .. 53
Transformer Specifications . . . . . . . .. ... ... ... ... 53
Fuse Specifications . . . . . . . ... ... L. 54
Radio Specifications . . . . . . . ... ... ... ... ... . 55
Antenna Materials . . . . .. .. ... 56
Flight Computer Specifications . . . . . . . .. ... ... ... 56

Solid State Data Recorders Specifications . . . . . . .. ... .. Y



3.57 Thrust Vectoring Methods [125] . . . . . .. ... ... .. ... 58

3.58 Jet Tabs Element Masses . . . . . . . .. ... ... ....... 60
3.59 Jetavator Element Masses . . . . . . . .. ... ... ...... 60
3.60 Vernier Thrusters Masses . . . . . . . . . . ... ... .. .... 61
4.1 Ariane 6 Structural Components . . . . . . ... ... ... ... 67
4.2  Other Avionics Component Masses . . . . . .. .. ... .... 71
4.3 Ariane 6 Avionics Transportation Routes Characteristics . . . . 77

4.4  Ariane 6 Main Components Transportation Routes Characteristics 77
4.5 Ariane 6 Main Components Dry Masses . . . . . . . .. ... .. 78
4.6 Ariane 6 Possible Transport Combinations . . . . . .. .. . .. 78
4.7 Ariane 6 Total tkm for All Possible Combinations . . . . . . . . 79






Acronyms

ADEPLmu Abiotic Resource Depletion.

AFAs Applications for Authorisation.

AGV Autonomous Guided Vehicle.

APU Auxiliary Propulsion Unit.

ATR Average Temperature Response.

C&DH Command and Data Handling.

CEA Chemical Equilibrium Applications.
CFRP Carbon Fibre Reinforced Polymer.
CLH Harmonised Classification and Labelling.
CLP (Classification, Labelling and Packaging.
CMFU Centralized Multi-Functional Unit.
CNC Computer Numerical Control.

CoRAP Community Rolling Action Plan.

DC-DC Direct Current - Direct Current.
ECHA European Chemicals Agency.
EDM Electrical Discharge Machining.
ELV Expendable Launch Vehicle.
EMI Electromagnetic Interference.
ERF (Effective) Radiative Forcing.
ESA European Space Agency.

EU European Union.

EUSPA European Union Agency for the Space Programme.
EX Expander.

GFRP Glass Reinforced Carbon Polymer.
GG Gas Generator.

GHG Greenhouse Gases.

GN&C Guidance, Navigation and Control.

XV



GTP
GWP

IAM
IC
INU
IPCC
ISAC
ISRO

LCA
LCI
LEAF
LEO
LVM3

NASA

OBC

PCDU
PDU
PFAs
PFU
PWB

REACH

RLV
R&D
RTM

SC
SLS
SMU
SSDR
SVHC

TIG
TVC

Global Temperature-Change Potential.
Global Warming Potential.

Integrated Assessment Model.

Integrated Circuit.

Inertial Navigation Unit.

Intergovernmental Panel on Climate Change.
Information Sharing and Analysis Centre.

Indian Space Research Organisation.

Life Cycle Assessment.

Life Cycle Inventory.

Large European Acoustic Facility.

Low Earth Orbit.

Geosynchronous Satellite Launch Vehicle Mk III.

National Aeronautics and Space Administration.

On-Board Computer.

Power Conditioning and Distribution Unit.
Power Distribution Unit.

Per- and Polyfluoroalkyl Substances.
Pyrotechnic Firing Unit.

Printed Wiring Board.

Regulation on the Registration, Evaluation, Authorisation and
Restriction of Chemicals.

Reusable Launch Vehicle.

Research and Development.

Resin Transfer Moulding.

Staged Combustion.

Space Launch System.

Satellite Management Unit.
Solid State Data Recorders.
Substance of Very High Concern.

Tungsten Inert Gas.
Thrust Vector Control.



ULA United Launch Alliance.

VVT Verification, Validation and Testing.






Chapter 1

Introduction

1.1 Motivation

As the number of rocket launches continues to increase, although their emissions
comprise only a small fraction of the total associated to the transport segment,
it is important to understand and quantify their environmental impact on the
planet [1]. Satellites, which are carried into space by launch vehicles, enable
the monitoring of more than half of the so-called "Essential Climate Variables',
thus playing an important role in the development of informed and sustainable
decision-making [2, 3]. Since it is unlikely that the amount of spacecraft sent
into space will undergo a significant decrease in the near future, it is mandatory
to assess not only the impacts due to their production and use, but also those
of the supporting segments, such as the launch one, which is responsible for a

considerable portion of the emissions of a space mission [4].

In light of this new sustainable framework, a discipline called "Ecodesign" has
been developed, in which a product is designed taking into account the emissions
that characterise the entirety of its life cycle [3]; the goal is to influence early
design choices, when it is easier to modify negative environmental impacts and
thus develop a more sustainable end product [3, 2]. The Ecodesign approach
has been implemented by ESA (European Space Agency) [5], whose launchers
and other space products need to adhere to both environmental standards and
regulations, such as the REACH (Regulation on the Registration, Evaluation,
Authorisation and Restriction of Chemicals) and the Green Deal, and ESA’s
guidelines and standards, such as the Green Agenda [1]. ESA’s Green Agenda
aims to lower the agency GHG (Greenhouse Gases) emissions, 69% of which
are due to the development, manufacturing and use of their own space products
[5]. The use of tools such as the LCA (Life Cycle Assessment) thus facilitates
the quantification of such impacts, and helps in defining which areas contribute

the most and, therefore, on which mitigation efforts should focus.

1



Introduction

The aim of this document is therefore to develop ready-made processes using
secondary data, and to define life cycle steps whose impact is negligible in a
first, high-level LCA; the end goal is to fill the research gaps that currently
affect LCA studies in the space sector, streamlining the beginning of the design
process and removing the need to characterise each component taken into
consideration, therefore avoiding having to change the product later on, which

is often impossible after qualifying the initial design [2].

1.2 Topic Overview

An LCA is a standardised tool that allows the calculation of the environmental
impact of a certain product throughout its life cycle [4, 6]. Although LCAs
and environmental analyses have already been established in most sectors for
decades, the space industry lagged behind due to its initial exclusion from
protocols, such as the Montreal one (1987) [3]. ESA only started working on
the inclusion of LCA in the design process in 2009, and they soon reached
the conclusion that none of the available databases could accurately picture
the complexity of space products [3]. Launchers and satellites require specific
materials and manufacturing processes, and are produced in small amounts [6,
2]. Launchers pollute directly into the stratosphere, and satellites create debris
once no longer in use [2, 1]. It is for these reasons that LCAs in the space sector
need to be adapted to these unique challenges [6], eventually implementing new
and space specific indicators, but, at the same time, remaining in line with
other sectors to enable comparisons [3].

1.3 Objectives

The main objectives of this thesis are to suggests some improvements to enhance
the accuracy of both inputs and outputs in launch vehicle LCAs, and to research
and implement the most common launcher components. These components are
then used for a real case study, whose goal is to understand which life stages
constitute an environmental hotspot, and to identify eventual phases whose

impacts are negligible.

1.4 Thesis Outline

Chapter 1 introduces the thesis topic and motivation, which are then discussed
more in depth in Chapter 2. Chapter 3 carries out the testing, propellant
combustion and launch vehicle component implementation, which are used in
Chapter 4 to perform the Ariane 6 LCA. Chapter 5 presents the results of the

2



1.4 — Thesis Outline

analysis. Lastly, Chapter 6 underlines the most important achievements of the

work, alongside some suggestions for future related works.






Chapter 2

State of the Art

The following chapter will present a literature review of the current state of
the art of LCAs in the space sector, focusing on the main issues affecting the
practice, and suggesting possible solutions. It will also introduce some future
changes affecting rocket architectures, which will lead to some additions in

LCA databases and new considerations on the sustainability of launch vehicles.

2.1 Specific Data & Data Collection

Launchers and all space products are characterized by the use of specific
materials [2, 7, 8, 9] and advanced manufacturing processes [2, 8, 9]. This
means that normal products, available in databases such as Ecolnvent [10],
usually fail to capture the complexity and consequent energy consumption that
characterize the development, testing and production of space products [9].
While some specific data is available, a substantial problem for LCAs in the
space sector is data collection difficulty [2]. Data can be either primary or
secondary: primary data is taken directly from production sites, while secondary
data comes from indirect sources, such as databases or literature [9]. While
primary data is often preferred, as it gives the most accurate results, it is also
hard to obtain, as values for a singular product are rarely available, with yearly
or factory-wide data often being the only available option [9].

Another problem afflicting both primary and secondary data is confiden-
tiality [9, 11], which makes it hard to access and compare specific processes
between companies [11] and, in the long term, could lead to the development
of conflicting LCA methodologies that lower the credibility of the results and
of the LCA method itself [8]. The consequences of the lack of organized and
coordinated information sharing will only get worse with the increasing number
of space missions and projects [12], thus requiring better cooperation between

governments and space agencies in regulating information sharing.
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State of the Art

Different companies might not want to cooperate with one another, even
while having a common goal, for a set of reasons: first, by sharing their unique
information and/or technology, they might feel like they are losing their com-
petitive advantage and power [13]; secondly, even if openly collaborating, they
might enter a mixed competitive-collaborative mindset, which could lead to
partially withholding information from competitors or even lying to them [13];
lastly, studies show how a high level of trust is needed between different parties
to actually share information and cooperate to reach the common goal [13].

It is clear how difficult it is to get companies to openly share their data with-
out fear of damaging their own interests. For this reason, different regulations
have been proposed that would strongly encourage companies to participate
in data collection, setting an equal field for everyone involved and thus finally
allowing to move towards the common goal of correctly characterizing materials
and processes in an LCA.

A first regulation regarding the matter is the “European Data Governance
Act” from the European Commission, whose goal is to increase trust in data
sharing, strengthen mechanisms to increase data availability and overcome
technical obstacles to the reuse of data [14]. Although not specific to the
space sector, its purpose lies in making more data accessible and facilitate
data sharing across EU (European Union) countries [14], which would surely
help in the realisation of a complete and comprehensive LCA tool. A key
point of the legislation is about letting companies maintain their competitive
advantages while still being able to share their data: they will do so through
data intermediaries, that will function as neutral third parties that connect
individuals and companies with data users [14]. The European Commission
is also encouraging voluntary data sharing for a common good [14]. Although
preliminary results from the first year of application of the regulation are not
available, it is surely a huge step forward in lowering the difficulty of accessing
the specific data that characterizes the space sector.

A complementary regulation to the Data Governance Act is the “Data Act”,
from the European Commission as well, which ensures fairness in the allocation
of the value of data amongst the actors in the data economy and clarifies who
can use what data and under which conditions [15]. One of its key points is
guaranteeing access to performance data of industrial equipment [15], thus
potentially helping achieve a better characterization of manufacturing processes
involved in the space sector.

These two legislations give a great insight into how important and valuable
information sharing is, especially when conducted in a cooperative rather than
competitive environment. There is currently no specific regulation for space

companies that encourages or forces them to share their data, but space agencies
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are quickly realising how important collaboration is in this sector; for example,
the European Commission and EUSPA (European Union Agency for the Space
Programme) are jointly developing the so called ISAC (Information Sharing
and Analysis Centre), whose goal will be to “provide a safe environment for
companies to voluntarily share information on a specific security situation
or to solicit guidance on security implementation and governance for space
applications” [16]. Even though its main objective is related to improving cyber
security measures in space companies in EU state members [16], it once again
shows how regulated data sharing can contribute to better results for all parties
involved.

This developing information sharing framework should thus be further im-
plemented by different actors, from space agencies (like ESA) to governing
bodies (like the European Commission), in order to increase the overall benefits

in having access to valid information.

2.1.1 Regionalisation

An issue related to the difficulty of having access to specific data is the lack of
regionalisation of products and processes in current LCA databases; however, it
is extremely important when working with secondary data in LCAs. Correctly
accounting for emissions due to one country’s energy mix or local transportation
emissions allows for more accurate and precise results [11]. For example, the
Guianese! energy mix is made up of 47% renewable energy [7], leading to a
lower impact compared to a nation that still fully relies on fossil energy. Given
its importance, regional data has been implemented, where possible, in the
current ESA LCA database [17], which is here considered as the most complete
example available. In Tab. 2.1, the current implementation of regionalisation
of products can be observed.

It is clear how, in most cases, the data is generalized for the whole European
region, if not for the whole world. This, as underlined before, can lead to
significant changes in the end result of an LCA, and should gradually be
improved to include more country-specific data. While it is true that this only
refers to ESA’s database, implementing products also related to other regions
of the world could lead to a better application of the LCA practice throughout
the whole sector, allowing for a complete study and comparison of different
products. Being able to correctly specify how much different countries or regions
are polluting, however, requires access to data from industries located on those
territories, once again leading to the problem of data collection addressed

in Subsec. 2.1. It is reasonable to expect that, if the suggestions in the

!The French Guiana launch complex is where Ariane rockets, among others, are launched.
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Table 2.1: Regionalisation of Products in ESA’s LCI (Life Cycle Inventory)
database [17].

PRODUCT GLOBAL | EUROPE ONLY | EU COUNTRIES | FOREGROUND DATA
Material Groups X
Chemicals X X
Propellants X
Electrical Components X
Energy X
Transport X
Process Group X
Propellant Handling X X
Ground Segment X X
Manpower & Travels X
Launch Segment Missing Data
Space Segment X X
Testing & Inspections X
Missions Missing Data
Waste Treatment X | | |

aforementioned section are followed, the regionalisation of product should then

be fairly easy to accomplish and implement.

2.2 Material Obsolescence
and the Use of Prospective LCA Tools

Launchers are characterised by a long development cycle [8, 9], lasting 5 to 10
years [2], and an even longer life cycle that can last up to 30 years [2]. For these
reasons, missions need to be designed using long-term planning and strategic
thinking [18], which include being able to take into account how things will
change from the beginning of a programme to its very end, while performing the
LCA in the design phase. The challenge in doing so lies in having to predict how
material and energy policies will evolve in a long period of time. The energy
evolution problem has already been tackled by [19] through the implementation
of their Premise Tool: its working principle lies in incorporating Integrated
Assessment Model (IAM) prospective scenarios in the Ecolnvent database,
whose purpose is to evaluate expected transformations within five major energy-
intensive sectors, namely power generation, cement and steel production, freight
and passenger road transportation, and supply of conventional and alternative
fuels [19]. While not specifically designed to work with databases such as
ESA’s [17], these fields are most definitely present in LCA space specific studies,
making the tool a useful resource when planning for future missions. The tool
is in continuous evolution, with new fields being explored and developed, and
further collaborations could either expand the fields it is able to cover, or lead
to the creation of similar tools specifically for the space sector.

The biggest problem in developing a new launcher and dealing with long-

term issues, however, lies in the choice of materials to use, as they could
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undergo material obsolescence long before the predicted end of the programme
[7], thus posing the choice of whether to retire the launcher early (which implies
economic losses and impacts due to design and infrastructure being split over
a smaller number of launches) or substitute the problem materials with new,
equivalent ones (which require further design, testing and manufacturing, in
addition to eventual changes in performance). That is, however, if companies
employ a reactive approach to material obsolescence, rather than dealing with
it in a proactive way from the first stages of development. It has been proven
that proactive approaches lead to having to spend less time and materials to
fix the problem [20, 21]: in order to apply them, it is important to accurately
determine the risk of a certain component or material obsolescence [20].

Products can incur two types of obsolescence: regulatory obsolescence arises
when substances are legally banned, while commercial obsolescence arises when a
product that was formerly employed in the space industry stops being produced
by suppliers as larger sectors stop using it [2]. Regulatory obsolescence can be
at least partially avoided through resources such as the REACH tool, which
is the main EU law to protect human health and the environment from the
risks that can be posed by chemicals [22], and it is the strictest law to date
regulating chemical substances [23]. Many substances currently in use in the
space sector are under observation by REACH, and it was reported that up to
20% of materials commonly used in the sector could potentially be affected in
the long term [2], leading to space industries having to substitute them through
lengthy and costly processes [23]. In Tab. 2.2, a list of substances that are
commonly used in the space sector and might undergo material obsolescence
due to REACH regulations can be found.

The "Classification" column refers to which list the substance currently

belongs to. The different possibilities are:

o Classification, Labelling and Packaging (CLP): notification to inform about

possible hazards on substance labels [24].

o Community Rolling Action Plan (CoRAP): a European Chemicals Agency
(ECHA) member state has evaluated or will evaluate the substance over

the coming years [24].

« Substance of Very High Concern (SVHC): substances that may have serious
and often irreversible effects on human health and the environment [24].

o (Candidate List: includes SVHCs. Suppliers of substances in the Candidate
List are required to provide a safety data sheet, safe use guidelines and
notify ECHA if the article they produce contains an SVHC in quantities
above one tonne per producer/importer per year, and if the substance is

present in those articles above a concentration of 0.1% (w/w) [24].
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The

Annex XIV: Authorisation List. Companies that want to continue using a
substance included in the Authorisation List after the sunset date need to

prepare an application for authorisation [24].

Annex XVII: Restriction List. Includes substances whose use is restricted
or prohibited in the EU market [24].

"'Risk Level" column refers to an index, going from 0 to 7, which indicates

how likely a substance is to be restricted or banned (and therefore undergo

material obsolescence) in the near future. The indexes have the following

meanings [25]:

0 = substance has no known regulatory risks.

1 = substance has a hazard code in Harmonised Classification and Labelling
(CLH).

2 = substance meets SVHC hazard threshold but not is not in the Candi-
date List.

3 = substance is an SVHC and has entered the Candidate List.

4 = substance has either been prioritised for inclusion in the Authorisation
List (Annex XIV), or contains Per- and Polyfluoroalkyl Substances (PFAs)

which do not have higher regulatory limitations yet.

5 = substance is in the Authorisation List (Annex XIV), but either pre-
sunset date or targets space-irrelevant use in the Restriction List (Annex
XVII).

6 = substance is in the Authorisation List (Annex XIV), but there are some
Applications for Authorisation (AFAs) for specific use of the substance,
or the substance has an indirectly space relevant entry in the Restriction
List (Annex XVII).

7 = substance is in the Authorisation List (Annex XIV) but no AFAs
have been received for use of the substance, or the substance has an entry
in the Restriction List (Annex XVII) that bans its use relevant to space

industry.

PFAs could be completely banned from any type of use in the near future [23].

However, this would pose serious challenges to the space sector: PFAs are present

in lubricants, coatings, creep barriers, functionalised polymer surfaces, cleaning

agents, coolant fluids, sealants, pyrotechnic compositions, thermal insulation,

adhesives, fire suppressants and electronic assemblies [25]. A complete ban

on PFAs would greatly damage the aerospace industry, as it is hard to find
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Table 2.2: Possible REACH Affected Substances

RISK POSSIBLE
SUBSTANCE ISSUES CLASSIFICATION LEVEL | ALTERNATIVE
Tartaric Sulphuric
Surface TreaFment - Caurcin?gemc7 SVHC, Candidate Acid, Ph.osph(.)ric
Chromic Skin List, Annex XIV [24] 6 Sulphuric Acid,
Acid [26, 27] Sensitising [24] o ’ Boric Sulfuric
Acid [28, 29]
Carcinogenic,
Mutagenic, Skin
Surface Troz.xtmcnt " | Sensitising, Toxic SVHC, Candidate
Chromium ducti List. A XIV [24] 6 Surtec 650 [28]
Trioxide [27] to chrf) uc-lon, ist, Annex
Respiratory
Sensitising
Corrosive to
Nitric Acid [26] Metals and CLP for Handling [24] 1 Citric Acid [26]
Skin [24]
Carcinogenic,
Pyrotechnic Initiator | Mutagenic, T9x1c SVHC, Candidate Zirconitm
Powders - MIRA to Reproduction, . .
(Ammonium Skin Sensitising, IXSt" An;{%/);IX;Z/, 7 p P(})lﬁas?'lmn
Dichromate) [26, 30] Respiratory Hmex [24] erchlorate [30]
Sensitising [24]
ASCENT (Advanced
Spacecraft
Carcinogenic, SVHC. Candidate Energetic
Hydrazine [23] Skin List [24] - 3 Non-Toxic)
Sensitising [24] o Propellant,
LMP-103S Green
Propellant [31, 32, 33]
Toxic to CoRap, SVHC,
Reproduction, Candidate List, Depends on
Bisphenol A [23] Skin Sensitising, Annex XVII 5 A pl' .
Endocrine (Not Aerospace pphcation
Disrupting [24] Related) [24]
Bisphenol F [23] Serlsitsilgilrlfg [24] CLP Notification [24] 1 Ele)i?;;jiigﬁ
Carcinogenic,
Toluene [23] I\Irltl(f;ieltléc’ Annecsl;{(l/\x/}l)l’ 24] 6/7 Pinacolone [34]
Reproduction [24]

replacements with the same level of performance and validation [35]. For this
reason, multiple aerospace corporations and national space agencies gathered to
discuss the effects of a possible ban on PFAs, reaching the conclusion that the
environmental impact of PFAs used in the space sector is negligible compared
to other sectors, as its production volumes are small and the PFA-containing
components are sent to space and then burned in the atmosphere, thus not
posing any risk to human health [35]. Due to the complexity of this topic and
its possible implications, no risk level or possible alternatives were explored;
however, it remains of utmost importance to find viable and less impactful
alternatives to PFAs.

Although ESA’s analysis method description reminds the user to check if any
of the selected substances are affected by REACH [17], a more straightforward

approach could facilitate the process. In Fig. 2.1, an example for "Nitric Acid"
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can be found.

Nitric acid, 50% in H20, at plant/RER U

Translated name: Salpetersdure, 50% in H20, ab Werk

Included processes: The inventory includes the oxidation of ammonia and the absorption steps and the final dilution of
the acid.

O RIGI NA L Remark: Manufacturing process starting with ammeonia is considered, plus consumption of auxiliaries, energy,
infrastructure and land use, as well as generation of wastes and emissions into air and water. Transport of the raw
materials, auxiliaries and wastes is included, transport and storage of the final product nitric acid are not included. No
byproducts or coproducts are considered. Transcient or unstable operations are not considered, but the production
during stable operation conditions. Emissions to air are considered as ating in a high population density area.
Emissions into water are assumed to be emitted into rivers. Solid wastes are assumed to be sent to landfill. Average
values, based on Patyk 1997 and others (see report). Inventory refers to 1 kg 100% nitric acid.

Nitric acid, 50% in H20, at plant/RER U (REACH Affected Substance)

WARNING: this substance is affected by REACH Regulations.
Obsolescence Risk Level: 1 {Low Risk)
Suggested Alternative: Citric Acid

MODIFIED

Translated name: Salpetersaure, 50% in H20, ab Werk

Included processes: The inventory includes the oxidation of ammonia and the absorption steps and the final dilution of
the acid.

Remark: Manufacturing process starting with ammonia is considered, plus consumption of auxiliaries, energy,
infrastructure and land use, as well as generation of wastes and emissions into air and water. Transport of the raw

Figure 2.1: Example of REACH Affected Substance Banner [17]

Adding a banner both in the name and description of affected substances
makes it easier for users to spot them. The banner also includes a definition of
the level of risk (low if the index goes from 0 to 2, medium-low if it goes from 3
to 4, medium-high if it goes from 5 to 6 and high if it is 7 [25]) and suggestions
on possible alternatives with lower or no risk level.

Commercial obsolescence has not yet found direct applications in LCA tools,
but there are many different algorithms that can be employed to accurately
understand how the situation will change during the life cycle of a product.
Although the main focus is currently on electronic components [21, 20] the
same algorithms can be used for other parts specific to the space sector. The
different methodologies that can be used to determine when a specific material

or component will become commercially obsolete are:

« Regression Analysis [21, 20]: gathers data on the product in question and

related variables to predict its behaviour on the market [36].

o Time Series Analysis or Trend Analysis [21]: identify patterns, trends
and irregularities in the data over different periods to determine future
behaviours [37].

« Exponential Smoothing [21]: uses an exponentially weighted average of
past observations to predict future values. It assigns more weight to recent
observations and less to older observations, allowing the forecast to adapt

to changing trends in the data [38].

These algorithms could be further improved by using artificial intelligence and
machine learning [20], and it is not too far-fetched to think that they could
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deliver results similar to the ones of the Premise tool [19] that can be directly
implemented in LCA evaluation tools. These methods would first need to
identify the possible evolution over the launcher’s lifetime of a specific material
or component, and then modify the database taking it into account, thus
underlining which components and materials could potentially become critical
and would be better to replace while still in the design phase.

Although this implementation has not yet been taken into account, these
algorithms are valuable tools to correctly identify which materials to use when
developing a new product, and could serve as a starting point for future

predictive LCA evolutions.

2.3 Addressing Heritage

When talking about technical products, heritage can be defined as “proven
components that are being modified to meet new requirements” [39]. The
question of how to properly address it in LCAs [9] stems from the fact that
their development and testing has already been carried out, and their relative
impacts can no longer be taken into account when developing, for example, a new
launcher within a family [11]; however, further developments and integration
with new systems need to be considered [11]. To properly identify the extent
of inherited impacts of a component, the same methodologies employed to
assess heritage-related risks can be applied. The approach suggested by [39]
is based on two fundamental aspects of an inherited product: the degree of
VVT (Verification, Validation and Testing) needed, and the degree to which
the design, suppliers, and manufacturing processes have changed [39]. VVT
is directly related to the amount of modifications operated on the component,
while the readiness of the manufacturing chain depends on if and when the
dedicated establishment was shut down [39]. For each of the two, a scale from
0 to 1 has been defined (Tab. 2.3).

Table 2.3: Modification & Manufacturing Heritage Scores [39]

SCORE MODIFICATIONS MANUFACTURING
0 No Significant Modification Running Line
0.5 Significant Modifications Running Line Recently Shut Down
1 Component Developed from Scratch | Running Line Shut Down for Several Years

The overall score can therefore range from 0 to 1; if a component has a score
of 0, it means that both testing and manufacturing do not need significant
changes with respect to its predecessor, and thus its development can be
neglected when performing an LCA. In all other cases, however, either due
to significant changes to the component itself or to the production line, the

impact of the new component needs to be assessed.

13



State of the Art

2.4 Future Sustainable Launchers

The main changes that will take place in the forthcoming years regarding

launchers concern their reusability and the use of green propellants.

2.4.1 Reusability

The introduction of reusable launchers has led to high recycling rates of first
stages [40], which can lower the amount of resources needed for their production
and the ocean pollution due to the disposal of expendable stages [41]; however,
it is important to investigate and quantify eventual additional impacts deriving
from the features that make them reusable [40].

Firstly, reusable stages need to survive the re-entry: this might require new
thermal protection systems, usually not implemented on an ELV (Expendable
Launch Vehicle), and critical components might need to be more robust in order
to survive multiple launches [41]; moreover, in case of landing, launchers need
additional landing gear. Re-entry emissions for first stages can be considered
negligible, as they typically re-enter at speeds much lower than those of upper
stages or capsules [40]; this assumption might need to be revisited in the future
should single-stage-to-orbit reusable vehicles be produced, or high altitude
emissions be better characterised, and it surely does not stand true for re-
entering higher stages [40].

Secondly, once re-entered, the reusable stages need to be recovered: this can
happen either by landing the stage itself on a platform, or through recovery
operations that involve boats or planes [40]. All these methods consume
propellant, and therefore lead to additional emissions; however, it is not yet
clear whether these impacts are compensated from the reuse of the stage or not
[40]. Reusable stages also need to be inspected and refurbished before they are
ready to fly again, which leads to additional impacts and the manufacturing
of eventual components that need to be replaced [41]. However, similarly to
the recovery operations, it is not clear if the recovery and refurbishment of the
launcher lead to and overall reduced impact [41].

It is estimated that, depending on the choice of propellant, there is a
reduction of 20 to 40% of the impacts for reusable launch fleets compared
to their expendable counterparts [41]. This seemingly positive result might
be offset by two secondary effects of reusable launchers: firstly, they lower
the cost of space access, leading to an increase of the number of launches
and, therefore, to more emissions related to the launch phase [40]. Moreover,
due to the additional components required to make a launcher reusable, the
payload capacity is reduced, which again leads to an increased amount of
launches to carry the same payload as ELVs into orbit [40]. Nonetheless, it has
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been demonstrated that even after two or three reuses, if no major component
substitution is required, the additional production impacts of a RLV (Reusable
Launch Vehicle) are already compensated in terms of material depletion and
ocean pollution [41].

Lastly, reusable launchers and architectures similar to the Space Shuttle
need to perform drop and landing tests during the testing campaign [42]. These
are especially useful to test the landing gear, which is usually missing in ELVs,
but require an additional use of resources, mainly in the form of propellant [42].

It is reasonable to conclude that further studies need to be conducted to
determine if reusable launchers truly mitigate environmental impacts, and are

therefore a valid solution on which the space sector should focus.

2.4.2 Green Propellants

The production and use of propellants make up a sensible part of the impacts
related to a launch vehicle life cycle [40, 11, 7], as they comprise most of its
weight and need a high level of purity [7]. Investing in the production and
development of greener fuel can thus help offset the overall environmental
impact of a launcher [11, 4], and can help make reusable systems the most
sustainable option, as the additional propellant needed with respect to ELVs
would be produced in a less impactful way [4]. Most current propellant pro-
duction facilities could easily adapt to green propellant production, making
the space industry a leader in the sector [4]; however, the cost of developing
and maintaining new hardware, together with the increased risk of failure due
to inexperience, could make the change slow [43]. Additional costs could also
arise from the testing of new materials and technologies [43].

Two examples of greener fuels that are currently being tested or already

implemented are:

o Carbon neutral fuels [41]: already implemented in the aviation sector
[41], their goal is to compensate the CO, emitted during exhaust by
capturing a similar amount from the atmosphere while being produced
[40]. They include both biofuels (produced using bio-waste, agricultural
waste or wood), and fuels synthesised using COs collected through direct
air capture [40]. However, they still create stratospheric black carbon,
NO, and water vapour while being burned, thus creating pollutants that
are not counterbalanced by a greener production line [41]: it is estimated
that, during combustion, the GWP (Global Warming Potential) of carbon
neutral methane was reduced only by 10% with respect to its conventional
counterpart, and that carbon neutral kerosene’s GWP decreased only by
2-3% [40]. Moreover, options such as biofuels require massive land use, for

which the space sector would need to compete with other industries [40].
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o Green hydrogen: can be produced through wind energy, which could lead
to a lowered production carbon footprint of an order of magnitude [41], or
through solar-powered electrolysis of water, which can reduce the impact
even more, up to five times less than traditional hydrogen production [44].
However, using new techniques could also lead to a shift of the impacts

onto other categories, such as mineral resource depletion [41].

The low amount of possible green alternatives, together with the problems that
might arise from their production and use, is due to the fact that the industry
main goal is to find a green propellant that meets the requirements in terms
of Iy,, while being environmentally sustainable and non-toxic [43]. While not
straightforward to understand, toxicity directly affects the sustainability of
a fuel: the level of toxicity is directly proportional to the to the storage and
handling costs, as a spill would impact both ecosystems and human health, but
safety precautions tend to increase operational costs while decreasing the overall
sustainability of the product [43]. Toxic propellants also need decontamination
and waste treatment steps, which further increase their environmental impacts
[7]. Moreover, fuels that need to be stored for a long time required increased
storage resources, maintenance and monitoring, and increase the risk of wasting
fuel [43].

All of these requirements make finding a suitable green propellant extremely
hard. It can therefore be concluded that, although some alternatives are already
being developed and soon will be put to use, it will take more time to develop a
product that is sustainable in every aspect of its life cycle, while also respecting

performance requirements.

2.5 Current Research Gaps

The consequences of the issues highlighted in Sec. 2.1 and 2.2 are three main
research gaps that affect current LCAs analyses performed on space products
and, more specifically, on launch vehicles.

The first gap concerns the exclusion of testing from most studies, although
its impact is non negligible in certain impact categories [9]. Most common
testing processes have already been implemented in databases such as ESA’s
one [17], but the lack of clear boundaries on what needs to be included, together
with the difficulty of assessing the overall impact, which cannot be assigned to
a single launch, results in testing not being accounted for in LCAs [11].

The other main research gaps concern the lack of ready-made LCI database
processes for both the combustion of propellants and launch vehicle components.
While propellant production has been thoroughly discussed and developed in
ESA’s database [17], there are no processes which include the products of
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combustion due to the use of the propellants. Although the development of
such processes would need to rely on some assumptions that might not represent
the entire spectrum of possibilities, it would allow for a fast comparison in
the design phase of a launcher, leading to the choice of the most sustainable
alternative.

Lastly, ESA’s database includes a huge variety of components to model
a satellite and some ground segment activities, but it still lacks the main
subsystems and components that usually make up a launcher [17]. As previously
mentioned for propellant combustion, the availability of ready-made processes,
even if simplified, would allow for a fast and easy comparison of possible
alternatives, both between rocket architectures and different materials, thus
helping to make more informed and sustainable choices while developing a new

product.
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Chapter 3

Methodology

The goal of this chapter is to introduce the biggest gaps that affect current
launch vehicle LCA studies: the inclusion of testing in LCAs, and the lack of
propellant combustion products and vehicle components in databases. While
the first section will mainly deal with outlining the most important steps of a
typical testing program, the remaining sections will introduce new LCI processes
to include both propellant combustion emissions and metrics and launch vehicle

components in databases.

3.1 Testing

Launchers are subject to extensive and rigorous testing [11, 6], the environmental
impacts of which, even if smaller than the ones due to production and use of
the product [11], need to be taken into account when performing an LCA to
not significantly bias its results [11]. The difference in testing-related impacts
compared to non-space products is due to the low production rates, long
development cycles and use of specialised materials [8], whose operational
environment is extreme and therefore requires long testing and qualification
steps to comply with space industry standards [7]. It is important to note
that, although testing will never cease to be an energy-consuming step, the use
of renewable rather than fossil-based energy, along with an optimised facility

management, could greatly lower the impacts related to this phase [7].

In the following subsections, the general testing steps a launcher goes through
are presented [42], alongside a potential implementation, wherever possible, of
testing practises in LCAs. It is important to note that only tests regarding
whole subsystems or the entire launcher were considered, while component-level
testing (such as destructive tests for components subjected to fatigue [42]) was

not taken into account.
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3.1.1 Thrust Measuring Tests

To measure the thrust developed by a rocket engine, a thrust meter (or thrust
gauge) is used [42]. Its main components are a test stand (the main structure,
used to hold the engine), a load cell (scale) and a computer for data acquisition
[42]. While the load cell and computer are likely to remain the same for different
engines, the test stand might need adjustments to properly fit around each one.
However, due to the high number of performed tests [45, 46, 47, 48], the impact
of the production of this component can be considered negligible.

The main impacts of this type of test are therefore due to the burned
propellant and the water used in water deluge systems. Propellants are already
implemented in databases, and their specific amount can be considered from
case to case, rather than creating a generic process (which would not be
representative of reality due to the huge range of propellants and mass of
propellant used by different engines). The impacts due to the combustion
of propellant can be found in Sec. 3.2. The water employed in water deluge
systems is mainly sourced from natural bodies [49, 50], and can thus be modelled
in LCAs through the "Water, unspecified natural origin" process [10]. Since
the amount of water can greatly vary based on the scale and timing of the test
taking place [49, 50], a generic model would not accurately represent specific
situations; it is therefore better to consider specific data for a test rather than

create an inaccurate model. A real case example can be found in Chapter 4.

3.1.2 Pressure Vessel Tests

Pressure vessel tests are carried out in order to verify that propellant or
pressurizer tanks are able to withstand the harsh conditions they will have to
experience [42]. The different types of testing they might be subjected to are,

not necessarily in order:

o Burst Test: the vessel is pressurized until it bursts [42]. The impact of
this type of testing is modelled in ESA’s database under "Pressure Cycle
inspection" [17], and it should be taken into account alongside the possible

loss of material, should the vessel burst.

e Vacuum Test: extremely low pressure is created inside the vessel, with
atmospheric pressure acting on the outside of the tank [42]. The impact
of this type of testing is modelled in ESA’s database under "Negative
Pressure inspection' [17], and it should be taken into account alongside

the possible loss of material, should the vessel implode.

o Drop Test: the tank is dropped from a high altitude before going through

the burst and vacuum tests. The only relevant impact of this type of test
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is the eventual loss of material, should the vessel break.

e Chemical Compatibility Test: the vessel is filled with propellant to test
eventual chemical reactions with the tank material [42]. Propellants can
be computed from ESA’s database [17], alongside the possible loss of the

material, should a destructive chemical reaction happen.

o Impulse Response Testing: the tank is impacted with a known force and
the resulting vibrations are measured. The energy needed to carry out this
test can be considered negligible. Actual vibration tests can be modelled
through the "Vibration test' process from ESA’s database [17].

o Non-Destructive Testing: since vessels are expensive to build, it is better
to limit the amount of tests that could lead to their destruction and
exploit non-destructive evaluations whenever possible [42]. Examples of
such tests include: x-rays ('X-ray/radiographic inspection' [17]), acoustic
tests ("Acoustic [LEAF]" [17]) and ultrasonic tests ("Ultrasonic Inspection’
17)) [42).

3.1.3 Shake and Bake Tests

The shake test is used to test possible destructive vibrational modes of the
rocket, while the bake test (which actually involves exposing the rocket to both
high and low temperatures) is carried out to ensure the launcher can handle

big temperature changes [42].

o Vibration Test: can be modelled through ESA’s database "Vibration Test'
[17].

o Bake Test: both hot and cold environments can be modelled through
"Thermal Vacuum Chamber, LSS, Sun Simulation ON" and "Thermal
Vacuum Chamber, LSS, Sun Simulation OFF" from ESA’s database [17].

3.1.4 Environment Tests

Environment tests consist in subjecting the rocket to extreme environments that
simulate the real ones, before the actual flight test [42]. Example of facilities
employed for such tests are the aforementioned thermal vacuum chambers and
wind tunnels [42]. The average amount of energy used by a supersonic wind
tunnel is about 50 MW per square meter of test section [51], which can be

modelled in SimaPro if the dimensions of the used facility are known.
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3.1.5 Modelling and Simulation

Using software modelling and simulation tools reduces the number of physical
tests needed, although they cannot replace them entirely as models need
verification and refining [42]. To account for this type of testing in LCAs, the
model "Operation, computer, desktop, office use" [10] can be taken into account.
Its impacts are regionalised, meaning the results are accurate and allow for
a fast comparison between activities carried out in different countries [11].
Although the amount of hours spent on this task is rarely publicly available,
a company developing a rocket could either use data from past projects, or
estimate the amount of hours needed based on the size of the project and

existing guidelines.

3.1.6 Roll-Out Test

The roll-out test consists in testing the transport of the vehicle from the
assembly building to the launch pad [42]; its environmental impact is therefore
comparable to the impact of actual roll-out of a launcher, an example of which

is available in Subsec. 4.4.3.

3.1.7 Flight Test

The flight test consists in flying the rocket in its true operational environ-
ment, rather than simulated ones [42]; its environmental impact is therefore

comparable to the impact of an actual launch event (see Sec. 3.2).

3.2 Sector Specific Pollution

Evaluating emissions related to a launch vehicle use phase is not straightforward,
as they pollute differently from any other known products [2]: they emit
pollutants throughout all layers of the atmosphere [52], and we generally lack
correct models for high altitude and high speed emissions [53, 1]. The aim of
this section is to characterise the main emissions from launcher engines and
introduce eventual new impact indicators that are specific only to the space
sector. It is important to note that some other examples of space specific
pollution include the creation of space debris or the use of extraterrestrial
resources [7]; however, they do not figure in the cradle-to-use part of the LCA
and, as such, will not be discussed.

One of the problems in determining the overall impact of a given fuel is
that it might be cleaner than other choices at a certain altitude, but become

way more impacting at another altitude [1]. The evolution of emissions must
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therefore be examined throughout all phases of the launch. Emissions in the
troposphere can be generally considered negligible, as they cause no long-term
impact [2], while emissions in the stratosphere need to be well characterised, as
they are more dangerous. This is due to the fact that the stratosphere hosts
the ozone layer and is dynamically isolated from the troposphere, meaning that
pollutants emitted at high altitudes might remain there for several years [2];
moreover, gases in the stratosphere undergo faster horizontal mixing, spreading
emissions through the layer and making them more long lasting [54].

The main effects that need to be studied are those on global warming and
ozone depletion, as their metrics are still to be determined for many rocket-
specific emissions [11]. It is also necessary to define the main products of the
propellant combustion, in order to correctly model a process for the launch

phase of a vehicle.

3.2.1 Global Warming

When considering a rocket launch, warming due to common greenhouse gases
such as HyO and CO, is overshadowed by the amount produced by other
sectors [2], making their effects negligible [52]. One should therefore focus on
particles such as black carbon and alumina (Al;O3), which are respectively
responsible for 70% and 28% of the offsetting of the radiative balance of the
atmosphere [52]. Black carbon particles accumulate in the stratosphere [2] and
absorb incident short wave solar radiation [52], which results in the warming of
the stratosphere [2]. Alumina particles have a more complex behaviour, both
warming the stratosphere through the reflection of incoming radiation into
space and the absorption of upwelling long wave radiation from the Earth, and
cooling the troposphere and the ground due to the accumulation of particles in
the stratosphere that reduces the solar flux [2, 52]. In order to quantify their
impact, it is first necessary to determine the amount of particles produced by
the most commonly used propellants. Tab. 3.1 shows the amount of black
carbon and alumina produced by different fuels in terms of mass of pollutant
per mass of burned fuel [52].

Table 3.1: Black Carbon Emissions for Most Common Fuel Types [52]

FUEL BLACK CARBON EMISSIONS | ALUMINA EMISSIONS
RP-1 35 g/kg -
HTPB 35 g/kg -
Hypergolic (MMH, UDMH) [11] 4 g/kg -
Solid 1g/kg 380 g/kg

ESA’s global warming potential analysis is conducted using the GWP100
(Global Warming Potential of a substance compared to that of CO4 over a

100-year span) method [17]; however, since both black carbon and alumina
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are short-lived climate forcers [52] which have a lifetime of a few months to
two decades [11], the GWP100 method might not produce the most accurate
results [11]. Even if shorter time periods were considered, for example by
selecting the GWP20 method, the full scale effects of these particles would not
be correctly characterised: the choice in time scale (20, 100 or 500 year period
[55]) should only be dictated by the time period over which one wants to reach
its goals [55], not the life duration of the substances taken into account. The
application of the GWP method is based on the assumption that the emissions
being compared produce radiative forcing that is evenly spread across the globe
[55]; however, rocket emissions are not distributed homogenously around the
globe, and can therefore cool certain regions while warming others [2]. This
means that the GWP values for both black carbon and alumina, regardless
of the chosen time scale, might not actually represent a CO4 equivalent [55].
Additional metrics that are specific to the space sector, such as ERF ((Effective)
Radiative Forcing), GTP (Global Temperature-Change Potential), and ATR
(Average Temperature Response) [11], can be added to the traditional ones to
better quantify the effects of short-lived climate forcers. Radiative Forcing is
defined as the radiative response to the forcing agent, but does not account for
rapid tropospheric adjustments; the inclusion of such adjustments is often called
Effective Radiative Forcing [56]. The Global Temperature-Change Potential
is the ratio of temperature change from a pulse emission of a climate species
to a pulse emission of carbon dioxide [55], while the Average Temperature
Response is the global mean temperature change caused by operation of a
particular aerospace vehicle, based on the radiative forcing generated by each
emission species [57]. In Tab. 3.2, the values for the aforementioned additional
metrics for black carbon can be found. No values have yet been defined for
alumina particles, as their effect on radiation balance are yet to be completely
understood [58].

Table 3.2: Additional Metrics for Black Carbon

GTP20 | GTP100 (E)RF ATR
BLACK CARBON | 470 [55] | 64 [55] | 0.11 W/m? [59] | 1.16 - 10" °C kg [60]

ESA’s analysis method [17] can be modified and expanded to take into
account these additional metrics. In order to perform a more accurate analysis,
the values for other, more well known pollutants can also be computed. In Tab.
3.3, the values of the additional metrics can be found, if available, for all the
main species emitted during combustion in a rocket engine [58]. Substances

that make up less than 0.01% in weight of the emitted species’ have not been

ISpecies not evaluated: HyOo, AICI, AlCly, AlCI3, AIOH, AIOHCl,, Al(OH),Cl1 [58].
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taken into account.

Table 3.3: Additional Metrics for Most Common Rocket Pollutants

GTP100 (E)RF ATR
CO | 0.28 [61] - -
CO, | 1[62] | 2.16 W/m? [62] -
H - - -
HO, -

H, | 2[63] | 0.12W/m2[64] | 110" °C/kg [65]
H,O | 0.0082 | 0.07 W, /m2[66] -

0O _ _ _

OH - - -

O, - -
NO | 2.5 [61] | -0.25 W/m? [59] -
N, - - -
Cl - - -
HCI - _ -

! Value relative to aviation emissions, effects in higher atmosphere

still not characterised.
2 Radiative Forcing value, not (E)RF.

It is clear how most pollutants still lack the necessary characterisation to
apply these additional metrics in LCA practice. Although most of them are
mentioned in [PCC (Intergovernmental Panel on Climate Change) reports [59,
62, 66] as contributors to global warming, their effects are mainly indirect,
making it hard to quantify them and surely needing further research to better
understand their behaviour. Wherever possible, they will be implemented in the
modified ESA analysis method, alongside eventual additional ozone depleting
substances and metrics that will be presented in the next subsection. The ATR
index, due to the insufficient amount of values found, has not been implemented
in the analysis method.

An example analysis of one kg of LO,/RP-1, analysed with both ESA’s
original analysis method and the modified method, which includes the metrics
for GTP and ERF, can be found in Fig. 3.1 and 3.2.

It is clear how the propellant combustion, if not correctly characterised,
could be considered as responsible only for about 60% of the total GWP,
while it is actually the main driver in the GTP category as well; moreover,
the effects of the propellant production on the radiative balance of the Earth,
which were initially discarded, proved to be the biggest contributors to the
category, with only a small fraction of the (E)RF impact being due to the
propellant combustion. Therefore, although many species still lack the correct
environmental characterisation and thus pose some limitations to the accuracy

and veracity of such results, metrics that are specific to the space sector shall
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Figure 3.1: Impact Analysis of 1 kg of LO,/RP-1 with Original ESA Method
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Figure 3.2: Impact Analysis of 1 kg of LO,/RP-1 with Modified ESA Method

most definitely be investigated and developed to correctly analyse all possible

affected categories.

3.2.2 Ozone Depletion

The use phase of a launch vehicle is responsible for nearly 100% of the ozone
depletion registered during its life cycle [2, 58]. Ozone is mostly depleted by
highly reactive radicals, such as chlorine, nitrogen, bromine, and hydrogen
oxides [2]; the nitrogen, chlorine, hydrogen and oxygen cycles respectively
account for 32%, 19%, 26% and 23% of the depletion, meaning that the impact
is almost evenly distributed between different pollutants [58]. While all main
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radical containing substances have already been implemented in ESA’s database
[17], two different effects still need to be accounted for: the direct injection of
water vapour in the stratosphere [52], and the enhanced Cl-activated ozone loss
due to Alumina particles [52]. HoO contributes to the formation of stratospheric
polar clouds, which are largely responsible for Antarctic ozone destruction [52],
while Al;O3 creates Cl radicals by reacting with chlorine-containing substances
that are present in the stratosphere, leading to ozone depletion [52]. However,
both processes have indirect effects, as they do not directly involve ozone
depleting substances but rather facilitate the formation of such species. Since
the mechanisms related to both HyO and Al,O3 are complex, they still need
to be studied in depth in order to associate an ozone depletion index to these

indirect forcing agents.

3.2.3 Launch Vehicle Emissions

Aside from particle pollutants, rockets emit a variety of chemical species
during combustion. The most common propellant combustions have been
simulated using the NASA (National Aeronautics and Space Administration)
CEA (Chemical Equilibrium Applications) tool [67], assuming typical mixture
ratio values [58]. The applied assumptions are: shifting equilibrium, ambient
pressure po = 70 bar, pressure ratio %2 = 70 [58]. The combustion processes can
be implemented in SimaPro by considering a mass of one kilogram of propellant
and the subsequent mass fractions of the various pollutants, available in Tables
3.4, 3.5, 3.6, 3.7, 3.8, 3.9. For carbon containing propellants, an additional
amount of black carbon is added (although this might lead to a sum of the

mass fractions that is higher than one), based on Tab. 3.1.

Table 3.5: LO,/CHy Emissions

Table 3.4: LO,/LH; Emissions LO, Mass 0.7917 kg
— CH, Mass 0.2083 kg
LOx/LH, - MR = 6.2 [58] SPECIES | MASS FRACTION!
LO, Mass 0.8611 kg
co 0.08443 [67]
SPECIES | MASS FRACTION! 2 :
H 0.00018 [67]
B 0.001 [67]
HO, 0.00001 [67]
0, 0.03034 [67]
H, 0.00233 [67]
1,0 0.96878 [67]
H,0 0.43730 [67]
on 0.00077 [67]
2 00001 67 0 0.00125 [67]
2 - OH 0.01458 [67]
L At nozzle exit. O 0.02101 [67]
BC 0.0155 [58]
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Table 3.6: LO,/RP-1 Emissions

LOx/RP-1 - MR = 2.6 [58] Table 3.7: N,O,/CHgNy Emissions
LO, Mass 0.7222 kg N,04/CHyN, (MMH) - MR = 2.05 [55]
RP-1 Mass 0.2778 kg N,0, Mass 0.6721 kg
SPECIES | MASS FRACTION! CHgN, Mass 0.3279 kg

cO 0.30104 [67] SPECIES MASS FRACTION!
' CO 0.08568 [67
COq 0.40169 [67] O, 0T7REs 67
H 0.00015 [67] H 0.00001 [67
Ho 0.00656 [67] H, 0.00666 [67
H,O 0.28787 [67] }ifg 8.33383 2;
O 0.00006 [67] N, 0.40399 [67
OH 0.00237 [67] OH 0.00007 (67
O, 0.00025 [67] BC 0.004 [52]
BC 0.035 [52] L At nozzle exit.
L At nozzle exit.
Table 3.9: NH,ClO0,/Al/HTPB
Table 3.8: N,O,/CyHgNy Emissions Emissions
N,O,/C,HsN, (UDMH) - MR = 2.67 [58] NH,Cl0,/Al/HTPB - MR = 69:19:12 [58]
N,0, Mass 0.7275 kg NH,CI1O, Mass 0.69 kg
C2H8N2 Mass 0.2725 kg Al Mass 0.19 kg
SPECIES MASS FRACTION! HTPB Mass 0.12 kg
CcO 0.00412 [67 SPECIES MASS FRACTION!
CO, 0.25382 [67 CO 0.2189 [58
H 0.00001 [67 CO, 0.0148 [58
H, 0.00018 [67 Cl 0.0022 [58
H,0 0.31600 [67 H 0.0058 [58
NO 0.00311 [67 HCI 0.016 [58]
N, 0.38572 [67 Hp 0.3022 [58
) 0.00019 [67 H,O 0.1158 [58
OH 0.00377 [67 I\ 0.0826 ?8
0, 0.03308 [67 OH 0.0004 [58
BC 0.004 [52] AlO3 (s) 0.0498 [58
1 . ALOs (1) 0.0474 [58
At nozzle exit. BC 5,005 [52]

28

L At nozzle exit.



3.3 — Implementation of Launch Vehicle Components

In Tab. 3.10, the values of the heat of reaction for the previously mentioned
propellants combustion can be found. A positive value shall be interpreted as

heat released into the environment.

Table 3.10: Heat of Reaction for Most Common Rocket Propellant Combustion

PROPELLANT | MIXTURE RATIO | HEAT [kJ /kg]"
LO,/LH, 6.2 7946.23 [67]
LO,/CH, 3.8 5946.31 [67]
LO,/RP-1 2.6 5123.13 [67]

N,04/CHgN, (MMH) 2.05 3683.69 [67]
N,0,/CHsN, (UDMH) 2.67 3561.09 [67]
NH,CIO,/Al/HTPB 69:19:12 4,013.32 [68]

L At nozzle exit.

Five of the species that figure in the previous tables (H, OH, HO5, O, Cl) do
not appear in either ESA’s database or Ecolnvent as airborne emissions, and
no impact characterisation index has yet been established, therefore meaning
that they cannot be characterised and their eventual environmental impacts
will be neglected in this analysis. Most of the other species have already been
characterised, although they do not appear in all possible impact categories,
either because they have no impact or because an index has yet to be established.
However, a value for the GWP100 index of molecular hydrogen has been
published (11.6 kg COy eq [69]), and has thus been added to the analysis
method.

3.3 Implementation of Launch Vehicle Compo-

nents

Unlike components belonging to the space or ground segment, launcher vehicle
segments are currently not implemented in LCA databases: ESA’s LCI database
[17], which can be considered one of the most complete resources available
to date due to Europe’s lead over other regions in applying LCAs to space
products [7], does not contain launch vehicle components. Databases such as
the Strathclyde Space System Database [70] still lack generalised components
for this segment [40], thus making it difficult for companies to have access
to data that, even if simplified, could lead to more sustainable choices in the
first phases of product design. For this reason, this section deals with a rather
simplified implementation of the main components of a launch vehicle, based
on architectures that are currently in use. The following high level component

identification is based on the scheme presented in [42]:

e Structure: airframe, environmental protection and support structures
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(modelled all together as the main structure of lower and upper stages),

fairings, mechanisms

o Propulsion System: pumps, combustion chamber, igniters, nozzle, flow

systems, engine structure
« Power System: storage, conditioning, transfer
o Communication System: radios, antennas

o Guidance, Navigation and Control System: thrust vectoring, control

surfaces, navigation sensors, computers

e Command and Data Handling System: command computers, data pro-
cessing, storage and distribution

« Emergency Systems: abort systems, fire control, redundant systems

The following subsections will deal with the implementation of the components
of each subsystem: in order to develop generalised processes, data from available
off-the-shelf products will be averaged. Each component will be modelled by
considering the materials it is made of and the manufacturing processes it is
subjected to. Materials will be chosen from the "Transformation" datasets,
therefore taking into account raw material extraction emissions.

Two possible approximations for components that lack the necessary data
to be implemented can be found in Chapter 4.

3.3.1 Structure

Rockets can be classified into different categories depending on the amount of
payload they are able to deliver to different orbits [71]:

 Small Lift: up to 2,000 kg to LEO (Low Earth Orbit)
e Medium Lift: 2,000 to 20,000 kg to LEO

o Heavy Lift: 20,000 to 50,000 kg to LEO

e Super-Heavy Lift: 50,000 kg to LEO

The size and materials of rockets belonging to different categories might differ
substantially; their structure is therefore analysed by dividing it into the
aforementioned categories.

For each category, a maximum of three launchers has been considered; ideally,
the number of vehicles to base the estimation on should be much greater, but,
as mentioned in Subs. 2.1, specific, up-to-date data is difficult to obtain. The

choice thus fell on launchers whose data was available through reliable sources
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and which can be considered good representations of their respective launcher
category.
Whenever needed, the following mass estimation relations are used to ap-

proximate the mass of the avionics, wiring and thrust frame respectively [72]:

Mavionics = 1O(M0)0.361 (31)
Mairing = 1.0581/ Myl** (3.2)
Mihrust frame=2.55-10"4xT (33)

where M, is the lift-off mass of the launch vehicle, [ is its overall length, and T

is the total stage thrust expressed in Newtons.

Small Lift Liquid Propellant Launch Vehicles

The two vehicles taken into account for this category are: Electron by RocketLab
and Alpha by Firefly Aerospace [73, 74]. Configurations with more than two
stages were not taken into account, as they are quite uncommon.
Lower Stage Structure

Both the Electron and Alpha rockets run on LOy and RP-1 [73, 74] and,
even though their architectures are different (Electron has a common tank
bulkhead [73], while Alpha has an inter-tank [74]), their size and weight are
comparable; they are also both made of carbon composite [73, 74]. In Tab.
3.11, the structural masses of the lower stage of both rockets (including CFRP

(Carbon Fibre Reinforced Polymer) components only) can be found.

Table 3.11: Lower Stage Structural Mass of Small-Lift Launchers

ELECTRON ALPHA MEAN STRUCTURE MASS
050 kg [75] | 492.5 kg [76, 77] 721.25 kg

Since ESA’s database [17] already includes every necessary step for the produc-
tion of a CFRP product, the process "CFRP, cured by autoclave process" can
be used to completely model the production of a generic small-lift lower stage.
Interstage

Both Electron and Alpha’s interstages are made of carbon composite. As-
suming a thickness of 2 cm for Electron and of 1 cm for Alpha (due to its higher
payload to structural mass ratio [77]), the estimated masses can be found in

Tab. 3.12.

Table 3.12: Interstage Mass of Small-Lift Launchers

ELECTRON | ALPHA | MEAN INTERSTAGE MASS
355.88 kg [73] | 345.38 kg [74] 350.63 kg
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The same process used to model the lower stage can be applied to the
interstage, by considering the mean interstage mass for the "CFRP, cured by

autoclave process' [17] in SimaPro.

Upper Stage Structure

The same similarities and differences underlined for the lower stage apply to
the upper stage as well. In Tab. 3.13, the structural masses of the upper stage
of both rockets can be found. They are both made of CFRP, like the rest of
the rocket [73, 74].

Table 3.13: Upper Stage Structural Mass of Small-Lift Launchers

ELECTRON | ALPHA | MEAN STRUCTURE MASS

465 kg [75] | 154.64 kgl 309.82 kg
1 Assuming the same structural mass to dry mass ratio as the lower stage
[76].

Considering the mean upper stage structural mass for the "CFRP, cured by
autoclave process” [17], the generic small lift upper stage can be modelled.
Fairing

Alpha’s fairing, made of CFRP, is assumed to be cylindrical for the first two
thirds of the height and conical for the last third, with a thickness of 0.009525
m [76]. Electron’s fairing mass is known. Tab. 3.14 shows their values and the

mean amount of material considered for a generic fairing.

Table 3.14: Fairing Mass of Small-Lift Launchers

ELECTRON ALPHA MEAN FAIRING MASS
A4 kg [73] | 279.35 kg [74, 76] 161.675 kg

Considering the mean fairing mass for the "CFRP, cured by autoclave

process” [17], the generic small lift fairing can be modelled.

Medium Lift Liquid Propellant Launch Vehicles

The three vehicles taken into account for this category are: Atlas V (400 series)
by ULA (United Launch Alliance), Soyuz-2 by RKK Progress, and the LVM3
(Geosynchronous Satellite Launch Vehicle Mk III) by ISRO (Indian Space
Research Organisation).

These rockets are made of two liquid stages and eventual solid rocket boosters,
which are implemented separately. Configurations with more than two liquid

stages were not taken into account, as they are quite uncommon.
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In Tab. 3.15, the necessary parameters to estimate the avionics and wiring
masses for all three rockets can be found. The results can be observed in Tab.

3.16, 3.20 and 3.22.
Table 3.15: Medium-Lift Launch Vehicle Parameters

PARAMETER ‘ ATLAS V ‘ SOYUZ-2 ‘ LVM3
LOWER STAGE

Lift-Off Mass (My) | 305,143 kg [78] | 99,765 kg [79] | 125,600 kg [S0]
Length (1) 32.46 m [78] 27.1 m [79] 21.26 m [80]

Engine Thrust (7') | 3,827 kN [7§] 792 kN [79] 1,600 kN [81]

UPPER STAGE

Lift-Off Mass (My) | 23,073 kg [78] | 27,755 kg [79] | 18,300 kg [S0]
Length (1) 12.68 m [78§] 6.7 m [79] 13.32 m [80]

Engine Thrust (7) | 99.2 kN [78] | 297.9 kN [79] 200 kN [81]

Lower Liquid Stage Structure

The core stages of the three selected launchers use different types of propel-
lants: Atlas V and Soyuz-2 run on LO, and RP-1 [78, 79], while LVMS3 runs
on UH25 and N,Oy4 [80]. Due to this difference, some minor changes are to be
expected in the internal structure of the rockets; however, since their dry masses
are roughly of the same order of magnitude, the difference in architecture is not
considered a result-changing factor. All three structures are made of aluminium
lithium alloys [78, 79, 81] and are subjected to similar manufacturing processes.

In order to determine the amount of material needed for the main structures,
all non-aluminium alloy component masses were subtracted from the empty

mass of the lower stage (Tab. 3.16).

Table 3.16: Lower Stage Structural Mass of Medium-Lift Launchers

ATLAS V SOYUZ-2 LVM3
Dry Mass 21,054 kg [78] 6,545 kg [79] 10,600 kg [80]
Engines Mass 5,480 kg [82] 1,230 kg [83] 1,700 kg!
Thrust Frame Mass 975.885 kg 201.96 kg 408 kg
Insulation Mass 398.63 kg [84, 78] | 257.68 kg [79, 84] -2
Avionics Mass 954.785 kg 637.72 kg 693 kg
Wiring Mass 1,395 kg 762.46 kg 805.14 kg
STRUCTURE MASS 11,849.7 kg 3,455.18 kg 6,993.86 kg

! The Vikas engine mass is assumed to be the same as the Viking 4B [85], since it is an evolution

of the latter [85].
2 LVMS uses a hypergolic propellant, which does not need cryogenic tanks [80]. The mass of the

insulation is therefore neglected.

The average amount of aluminium alloys needed to manufacture the lower
stage of a medium-lift launch vehicle is therefore 7,432.91 kg.
The manufacturing processes taken into account are: sheet rolling, die

forging, anodizing and friction stir welding [86, 81]. Taking into account the
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values for each of the three rockets, a final mean value for all the manufacturing

processes can be evaluated (Tab. 3.17).

Table 3.17: Manufacturing Processes for Medium-Lift Launchers - Lower
Stage

FUNCTIONAL MEAN
PROCESS UNIT ATLAS V SOYUZ-2 LVM3 VALUE
Sheet Rolling kg [10] 11,849.7 3,455.18 6,993.86 (Seg’,ﬁ:g'g; 16)
Die Forging kg [17] 11,849.7 3,455.18 6,993.86 (Seez;:gg; 16)
Anodising m? [17] 388.53 [78] 251.15 [79] | 206.09 [80] 281.92
Friction Stir
Welding m [17] 305.94 [78, 86] | 221.02 [79] | 262.37 [81] 263.11

Given the mean values, assuming that a real "mean" medium-lift lower
stage could be built while respecting those values, the finished product can be
implemented in SimaPro. A mean value of 328.155 kg of spray-on, rigid foam
insulation is also added to the structure, while eventual thermal coatings (i.e.
white paint) are neglected for lack of characterizing data.

Interstage

Atlas V and Soyuz-2 employ two different types of interstages: the first is
made of a composite structure, with an aluminium honeycomb core [78], while
the latter is an aluminium skin-stringer structure [79]. No specific detail on the
structure of LVM3’s interstage is available. The two processes to implement a
generic interstage are therefore based on the data from a single rocket.

The data used for the composite interstage is available in Tab. 3.18. The
selected process includes both the materials used and the production of the

final component.

Table 3.18: Medium-Lift Launcher Interstage (Sandwich Structure) Manufac-
turing

FUNCTIONAL
PROCESS UNIT ATLAS V
AL 5052 Honeycomb with CFRP facing [mass] kg [17] 2219,5 [78]

Soyuz’s interstage is assumed to be made of Aluminium AA 7075, 400 kg
of which are computed to create the process [79]. The manufacturing process
taken into account are sheet rolling, die forging, anodising and friction stir
welding, as it is likely that the interstage goes through the same manufacturing
processes as the main structure. The quantities associated to each process can
be found in Tab. 3.19.

By computing the aluminium mass and the aforementioned processes, the
aluminium interstage can be modelled in SimaPro.

Upper Liquid Stage Structure
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Table 3.19: Medium-Lift Launcher Interstage (Aluminium Structure) Manu-
facturing

FUNCTIONAL
PROCESS ONIT QUANTITY
Sheet Rolling kg [10] 400 [79]
Die Forging kg [17] 400 [79]
Anodising m? [17] 8.83 [79]
Friction Stir
Wolding m [17] 55.58 [79]

Although the upper stages of both Atlas V and LVM3 run on LO, and LHy
[78, 80], their structures are made of different materials: the Centaur upper
stage is made of stainless steel [78], while the C25-X stage is made of AA2219
aluminium [80]. The latter is therefore similar to Soyuz’s upper stage, which is
also made of aluminium alloys [79], and their respective data can be averaged.
In order to determine the amount of material necessary for the production of
the main structures, all the main non-aluminium alloy components masses are
subtracted from the total dry mass of the two stages (Tab. 3.20).

Table 3.20: Upper Stage Structural Mass of Medium-Lift Launchers (Alu-
minium)

SOYUZ-2 LVM3
Dry Mass 2,355 kg [79] 3,300 kg [80]
Engines Mass 480 kg [87] 587 kg [88]
Thrust Frame Mass 75.96 kg 51 kg
Insulation Mass 57.44 kg [79, 84] | 87.03 kg [89, 84]
Avionics Mass 401.83 kg 345.74 kg
Wiring Mass 283.58 kg 273.42 kg
STRUCTURE MASS | 1,056.19 kg 1,955.81 kg

The average amount of aluminium alloys needed to manufacture the upper
stage of a medium-lift launch vehicle is therefore 1,506 kg.

The manufacturing processes taken into account are: sheet rolling, die
forging, anodizing and friction stir welding [81, 79]. Taking into account the
values for each rocket, a final mean value for all the manufacturing processes
can be evaluated (Tab. 3.21).

Given the mean values, assuming that a real "mean” medium-lift upper
stage could be built while respecting those values, the finished product can be
implemented in SimaPro. A mean value of 72.235 kg of spray-on, rigid foam
insulation is also added to the structure, while eventual thermal coatings (i.e.
white paint) are neglected for lack of characterizing data.

Although the data from Atlas V’s upper stage cannot be averaged with
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Table 3.21: Manufacturing Processes for Medium-Lift Launchers - Upper
Stage (Aluminium)

PROCESS FUNSEII(%NAL SOYUZ-2 | LVMS3 %EL%\];
Sheet Rolling kg [10] 1,056.19 1,955.81 (See %5513.63.20)
Die Forging kg [17] 1,056.19 1,955.81 (See %58'63.20)
Anodising m? [17] 56 [79] 84.82 [89} 7041
Friic\:ft;{)d?nztir m [17] 63.54 [79] | 123.98 [81] 93.76

data from other launch vehicles, a model for a stainless steel upper stage is
implemented, based solely on the Common Centaur upper stage [78]. In order
to determine the amount of material necessary for the production of the main
structure, all the main non-stainless steel components masses are subtracted
from the total dry mass of the stage (Tab. 3.22).

Table 3.22: Upper Stage Structural Mass of Medium-Lift Launchers (Stainless
Steel)

ATLAS V

Dry Mass 2,243 kg![78]
Engine Mass 215 kg [78]

Thrust Frame Mass 25.3 kg
Insulation Mass 103.13 kg [84, 78]

Avionics Mass 375.91 kg
Wiring Mass 303.26 kg

STRUCTURE MASS 1,220.4 kg

L ax1 configuration considered.

The average amount of stainless steel needed to manufacture the upper stage
of a medium-lift launch vehicle is therefore 1,220.4 kg.

The manufacturing processes taken into account are: stretching (modelled
in SimaPro as "Forging, steel" [10]), cutting ('Laser Cutting, Stainless Steel
Alloys, CO2 Laser" [17]), sheet rolling ("Sheet rolling, chromium steel" [10]) and
resistance arc welding ("Welding, arc, steel" [10]) [86]. Since not all processes
are specifically modelled after stainless steel products, the closest available
option was chosen. The values associated to each process can be found in Tab.
3.23.

Given the values related to Atlas V only, the stainless steel upper stage
can be implemented in SimaPro. A mass of 103.13 kg of spray-on, rigid foam
insulation is taken into account, while eventual thermal coatings (i.e. white

paint) are neglected for lack of characterizing data.
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Table 3.23: Manufacturing Processes for Medium-Lift Launchers - Upper
Stage (Stainless Steel)

FUNCTIONAL
PROCESS UNIT ATLAS V
Forging kg [10] 1,220.4 (See Table 3.22)
Laser Cutting m [17] 198.595 [90, 91, 86|
Sheet Rolling kg [10] 1,220.4 (See Table 3.22)
Arc Welding m [10] 198.595 [90, 91, 86]

Fairing

The payload fairing for both Soyuz-2 and LVM3 is made of CFRP [79, 80,
while Atlas V’s is made of a sandwich structure, with an aluminium honeycomb
core with CFRP face sheets. [92]. Due to this difference, two processes are
implemented separately. The first one makes use of the process "CFRP, cured
by autoclave process" [17]. Soyuz’s fairing mass is available, while LVM3’s
is estimated assuming a thickness of 1 ¢cm and a simplified shape made of a
cylinder for two thirds of the length, and a cone for the remaining third. The
results are available in Tab. 3.24.

Table 3.24: Fairing Mass of Medium-Lift Launchers (CFRP)

SOYUZ-2 LVM3 MEAN FATRING MASS
1,700 kg [79] | 2,270 kg [30, 93] 1,985 kg

The generic fairing can therefore be implemented in SimaPro using the mean
mass and the aforementioned process, as it contains both the material and the
manufacturing process.

Atlas V’s fairing is made of aluminium with CFRP face sheets, with a
mean mass (that takes into account Large, Extended and Extra Extended
configurations) of 2,306.33 kg [78]. It can be modelled in SimaPro by using the
"AL 5052 Honeycomb with CFRP facing [mass|" process [17].

Heavy Lift Liquid Propellant Launch Vehicles

The three vehicles taken into account for this category are: Falcon 9 by SpaceX,
Ariane 6 by Ariane Group and Vulcan Centaur by ULA. These rockets are made
of two liquid stages and eventual solid rocket boosters, which are implemented
separately. Configurations with more than two liquid stages were not taken
into account, as they are quite uncommon. It is important to note that Falcon
9 could be considered a medium-lift vehicle due to its usual payload mass;
however, for the purpose of this estimation, it is considered in its expendable

version, whose maximum payload fits into the heavy-lift category [94].
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In Tab. 3.25, the necessary parameters to estimate the avionics and wiring
masses for all three rockets can be found. The results can be observed in Tab.
3.26, 3.30 and 3.32.

Table 3.25: Heavy-Lift Launch Vehicle Parameters

PARAMETER ‘ FALCON 9 ‘ ARIANE 6 ‘ VULCAN CENTAUR
LOWER STAGE
Lift-Off Mass (M) | 421,300 kg [95] | 173,000 kg [96, 97] | 162,280 kg [98, 99]
Length (1) 41.2 m [95] 32 m [96] 33.3 m [100]
Engine Thrust (T') | 7,686 kN [101] 1,370 kN [97] 4,893 kN [102]
UPPER STAGE
Lift-Off Mass (M) | 96,570 kg [95] 35,100 [96] 57,311 kg [100, 98]
Length (1) 13.8 m [95] 12 m [96] 11.7 m [100]
Engine Thrust (7) | 981 kN [101] 180 kN [97] 221.6 kN [103]

Lower Liquid Stage Structure

The three selected launchers all use different types of propellants: Falcon 9
runs on LOy and RP-1 [101], Ariane 6 on LOy and LH, [97] and Vulcan Centaur
on LOy and LNG [102]. Due to this difference, some minor changes are to be
expected in the internal structure of the rockets: for example, Falcon 9 and
Vulcan Centaur both have two tanks separated by a common bulkhead [101,
100}, while Ariane 6 has an inter-tank separating the two tanks [97]. However,
since their dry masses are of the same order of magnitude and the additional
dome does not significantly influence the impact of manufacturing, the difference
in architecture is not considered a result-changing factor, considering all three
structures are made of aluminium-lithium alloys [101, 97, 86] and are produced
with the same manufacturing processes [101, 104, 86].

In order to determine the amount of material needed for the main structures,
all non-aluminium alloy component masses were subtracted from the empty
mass of the first stage (Tab. 3.26).

Table 3.26: Lower Stage Structural Mass of Heavy-Lift Launchers

FALCON 9 | ARIANE 6 | VULCAN CENTAUR
Dry Mass 25,600 kg [105] | 23,000 kg [96] 32,689 kg [98, 106]
Engines Mass 4410 kg [107] | 2,000 kg [108] 6,244 kg [109, 110]
Thrust Frame Mass 1,959.93 kg 349.35 kg 1,247.72 kg
Insulation Mass 768 kg 450 kg [97, 84] 537 kg [100, 84]
Avionics Mass 1,072.7 kg 777.92 kg 760.18 kg
Recovery Systems Mass | 2000 kg [111] - -
Wiring Mass 1,739.83 kg 1,046.64 kg 1,023.86 kg
STRUCTURE MASS | 13,649.54 kg | 18,376.09 kg 22,876.24 kg

The average amount of aluminium-lithium alloys needed to manufacture a
heavy-lift launch vehicle is therefore 18,300.62 kg.

The manufacturing processes taken into account are: sheet rolling, die
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forging, anodizing and friction stir welding [101, 104, 86]. Taking into account
the values for each rocket, a final mean value for all the manufacturing processes
can be evaluated (Tab. 3.27).

Table 3.27: Manufacturing Processes for Heavy-Lift Launchers - Lower Stage

FUNCTIONAL VULCAN MEAN
PROCESS UNIT FALCON 9 ARIANE 6 CENTAUR VALUE
. 18,300.62
Sheet Rolling kg [10] 13,649.54 18,376.09 22,876.24 (See Tab. 3.26)
Die Forging kg [17] 13,649.54 18,376.09 22,876.24 (5018&?;%0‘%226)
487 580
icino 2 E 5
Anodising m? [17] (101, 105] (97, 104] 530 [100] 532.3
Friction Stir 458.2 338 302.7
Welding m [17] (101, 112, 113, 114] | [97, 104] (86, 100] 366.3

Given the mean values, assuming that a real "mean" heavy-lift lower stage
could be built while respecting those values, the finished product can be
implemented in SimaPro. A mean value of 585 kg of spray-on, rigid foam
insulation is also added to the structure, while eventual thermal coatings (i.g.
white paint) are neglected for lack of characterizing data.

Interstage

Falcon 9 and Vulcan Centaur were again taken into consideration to estimate
the material and manufacturing processes needed to produce an interstage for
heavy-lift launchers. Both launchers have an interstage made of composite
panels with an aluminium honeycomb core and carbon fibre face sheet plies [101,
92], while Ariane 6’s interstage is made of a carbon-fibre composite without
the aluminium core [97] and thus cannot be taken into consideration to model
this kind of interstage.

The sandwich structure is available in ESA’s LCI database [17], with an
assumed thickness comparable with the one employed on Falcon 9 [101], and
can thus be modelled with the values available in Tab. 3.28.

Table 3.28: Heavy-Lift Launcher Interstage (Sandwich Structure) Manufac-
turing

FUNCTIONAL VULCAN MEAN
PROCESS UNIT FALCON 9 CENTAUR | VALUE
< 2
AL 5052 Honeycomb with CFRP facing m? [17] [71%'{)311815] 03.31 m? [100] | 85.92 m?

In order to model both options currently in use, an interstage made of GFRP
(Glass Reinforced Carbon Polymer) cured in an industrial oven [96, 97] was
modelled, even though data from Ariane 6 could not be averaged with data
from other launchers. With an assumed thickness of 2 cm (comparable to that
of the Falcon 9 interstage [101]), the results are available in Tab. 3.29.
Upper Liquid Stage Structure
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Table 3.29: Heavy-Lift Launcher Interstage (GFRP Structure) Manufacturing

FUNCTIONAL
PROCESS UNIT ARIANE 6

GFRP, cured by Autoclave process kg [17] 1693 kg [96, 97]

For the upper stage structure, a similar approach to the lower stage structure
can be applied; however, while both Falcon 9 and Ariane 6’s upper stages are
made of friction stir welded aluminium-lithium alloys [101, 97], the Centaur
upper stage is made of stainless steel [100], thus requiring a distinction between
the two possible architectures.

For the two aluminium-lithium stages, the amount of material needed is
computed in Tab. 3.30.

Table 3.30: Upper Stage Structural Mass of Heavy-Lift Launchers (Alu-
minium)

FALCON 9 ARIANE 6
Dry Mass 3,900 kg [95] 5,100 kg!
Engines Mass 550 kg [115] 280 kg [116]
Thrust Frame Mass 250.16 kg 45.9 kg
Insulation Mass 127 kg [101, 105, 84] | 224 kg [97, 84]
Avionics Mass 630.27 kg 437.38 kg
Wiring Mass 633.69 kg 368.92 kg
STRUCTURE MASS 1,708.88 kg 3,743.8 kg

1 Assuming the same propellant/dry mass ratio as the lower stage.

The average amount of aluminium-lithium alloys needed to manufacture an
upper stage is therefore 2,726.34 kg. The manufacturing processes presented for
the lower stage are taken into account for the upper stage as well (Tab. 3.31).

Given the mean values, assuming that a real "mean” heavy-lift upper stage
could be built while respecting those values, the finished product can be
implemented in SimaPro. A mean value of 175.5 kg of spray-on, rigid foam
insulation is also added to the structure, while eventual thermal coatings (i.e.
white paint) are neglected for lack of characterizing data.

Although the data from Vulcan Centaur’s upper stage cannot be averaged
with data from other launch vehicles, a model for a stainless steel upper stage
is implemented, based solely on the upgraded Centaur V second stage [102].
In order to determine the amount of material necessary for the production of
the main structure, all the main non-stainless steel components masses are
subtracted from the total dry mass of the stage (Tab. 3.32).

The average amount of stainless steel needed to manufacture the upper stage
of a medium-lift launch vehicle is therefore 1,027.93 kg.

The manufacturing processes taken into account are: stretching (modelled
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Table 3.31: Manufacturing Processes for Heavy-Lift Launchers - Upper Stage

FUNCTIONAL MEAN

PROCESS UNIT FALCON 9 ARIANE 6 VALUE
Sheet Rolling kg [10] 1,708.88 3,743.8 (Sez’;ii'gé 20
Die Forging kg [17] 1,708.88 3,743.8 (Sefgg’gﬁg 30)

Anodising m? [17] 115 [101, 105] 203.6 [97] 159.3 m

Friction Stir Welding m [17] 154.25'101, 105] | 224.86 [104, 97] 189.555

1 Missing data was scaled from lower stage.

Table 3.32: Upper Stage Structural Mass of Heavy-Lift Launchers (Stainless

Steel)

VULCAN CENTAUR

Dry Mass 2,880 kg [100, 98]
Engine Mass 634 kg [103]
Thrust Frame Mass 56.51 kg
Insulation Mass 171.06 kg [100, 84]
Avionics Mass 522.06 kg
Wiring Mass 468.44 kg
STRUCTURE MASS 1,027.93 kg

in SimaPro as "Forging, steel" [10]), cutting ("Laser Cutting, Stainless Steel
Alloys, CO2 Laser" [17]), sheet rolling ("Sheet rolling, chromium steel" [10]) and
resistance arc welding ("Welding, arc, steel" [10]) [86]. Since not all processes
are specifically modelled after stainless steel products, the closest available
option was chosen. The values associated to each process can be found in Tab.
3.33. Given the values related to Vulcan Centaur only, the stainless steel upper
stage can be implemented in SimaPro. A mass of 171.06 kg of spray-on, rigid
foam insulation is taken into account, while eventual thermal coatings (i.e.
white paint) are neglected for lack of characterizing data.
Fairing

Much like the interstage structures, both Falcon 9 and Vulcan Centaur’s
fairings are made of a composite sandwich structure, with an aluminium
honeycomb core and carbon fibre face sheets [101, 100], while Ariane 6’s is
made of GFRP [96]. For all launchers, the fairing is assumed to be cylindrical
for the first two thirds of the height, and conical for the last third. Although
Vulcan Centaur and Ariane 6 both have a "short" and 'long" fairing option [97,
102], only the "short" one is considered, as its dimensions are compatible with

Falcon 9’s.

The values taken into account for the first type of fairing are available in
Tab. 3.34.

The values for the second type of fairing are available in Tab. 3.35.
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Table 3.33: Manufacturing Processes for Heavy-Lift Launchers - Upper Stage
(Stainless Steel)

PROCESS FUNSEIIgNAL VULCAN CENTAUR
Forging kg [10] 1,027.93 (See Table 3.32)
Laser Cutting m [17] 245.1 [86, 100, 90, 91]
Sheet Rolling kg [10] 1,027.93 (See Table 3.32)
Arc Welding m [10] 245.1 [86, 100, 90, 91]

Table 3.34: Heavy-Lift Launcher Fairing (Sandwich Structure) Manufacturing

FUNCTIONAL VULCAN MEAN
PROCESS UNIT FALCON'9 CENTAUR | VALUE
2
AL 5052 Honeycomb with CFRP facing m? [17] 18[51'31? 224.69 m” [100] | 205.095 m?

Super Heavy Lift Launch Vehicles

The structure for super heavy-lift vehicles has not been implemented, since little
no data is available on current launchers. Falcon Heavy can be implemented by
considering three heavy-lift lower stages (corresponding to three Falcon 9 first
stages) [101], while both Starship and NASA’s SLS (Space Launch System)

still lack the necessary information to correctly characterise and model them.

Solid Rocket Motors

Solid rocket motors can be characterized based on the level of thrust they are
able to produce: since most of the solid rocket boosters currently in use produce
high levels of thrust, the two categories considered are <1,000 kN and >1,000
kN.

The first category is represented only by the Zefiro 9 booster; the availability
of only one motor in this category poses some limitation to its accuracy, but it
has been implemented nonetheless to encompass all possible options. In Tab.
3.36, the specifications for the considered motor can be found.

The motor structure can be implemented in SimaPro by considering 870 kg
(only the case and nozzle masses have been considered) of the process "CFRP,
cured by autoclave process" [17], which includes both the material and the
manufacturing.

The second category comprises of the GEM63, GEM63XL, P120C and
SRB-3A boosters. In Tab. 3.37, their specifications can be found.

The motor structure can be implemented in SimaPro by considering a mean
amount of 7,323.5 kg of the process "CFRP, cured by autoclave process' [17],

which includes both the material and the manufacturing.
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Table 3.35: Heavy-Lift Launcher Fairing (Carbon - Glass Fibre Composite
Structure) Manufacturing

FUNCTIONAL
PROCESS UNIT ARIANE 6
GFRP, cured by Autoclave process kg [17] 1,800 kg [117]

Table 3.36: Solid Rocket Motor Structure, <1,000 kN Thrust

ZEFIRO 9
Material CFRP [118]
Inert Mass 1,000 kg [118]
Case Mass 717 kg !
Nozzle Mass 153 kg *
Insulation Mass 102 kg 3
Avionics Mass 14 kg *
Wiring Mass 14 kg 4
1 Assumed 71.7% of inert mass, based
on [119].
2 Assumed 15.3% of inert mass, based
on [119].
3 Assumed 10.2% of inert mass, based
on [119].

4 Wiring and avionics are assumed to
be 50% each of the remaining inert
mass, once the case, nozzle and insu-
lation masses have been subtracted

from the total dry mass.

Mechanisms

Mechanisms are also part of the structure [42]; the main components that need
to be implemented are stage separation mechanisms, as other components such
as hydraulic actuators are already implemented in ESA’s database [17]. The
main type of stage separation mechanisms taken into account is pyrotechnic
mechanisms. In order to start the event, a stage separation controller is needed,
whose function is the same as the solid booster ignition controller [123], which is
implemented in Subs. 3.3.2. The pyrotechnic component of the mechanism can
be also be modelled through the pyrotechnic ignition powder, also implemented
in Subs. 3.3.2.

The main element that needs to be modelled for a pyrotechnic separation
system is the frangible joint. For the sake of simplicity, it is modelled as a
hollow cylinder made of Aluminium 6061 [124]. Considering a mean launch
vehicle diameter of 4.025 m [78, 79, 80, 96, 101, 100], a thickness of 1.59 ¢cm and

a length of 0.29 m [124], the total amount of aluminium needed to manufacture
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Table 3.37: Solid Rocket Motor Structure, >1,000 kN Thrust

GEM63 |GEMG63XL P120C SRB-3A
Material | CFRP [100] | CFRP [120] | CFRP [96] | CFRP [121]
Inert Mass {5,100 kg [99]|5,400 kg [99]| 11,000 [122] |8,700 kg [121]
Case Mass 3,656.7 kg | 3,871.8 kg' | 8,300 kg [122]| 6,237.9 kg'
Nozzle Mass 780.3 kg? 826.2 kg? 1,683 kg? 1,331.1 kg?

Insulation Mass] 520.2 kg 550.8 kg 704 kgt 887.4 kg
Avionics Mass®|  71.4 kg 75.6 kg 156.5 kg 121.8 kg
Wiring Mass® | 71.4 kg 75.6 kg 156.5 kg 121.8 ke

L Assumed 71.7% of inert mass, based on [119].

2 Assumed 15.3% of inert mass, based on [119].

3 Assumed 10.2% of inert mass, based on [119].

4 Assumed to be 6.4% of the inert mass, as the case makes up more than 71.7%.

5 Wiring and avionics are assumed to be 50% each of the remaining inert mass, once
the case, nozzle and insulation masses have been subtracted from the total dry mass.

the joint is 156.8 kg. The manufacturing processes taken into consideration are
"Tmpact extrusion of aluminium, 1 stroke" and "Sheet Rolling, Aluminium" [10,
124].

Other types of separation mechanisms, such as pneumatic pushers, have not

been taken into account as they are less common than the pyrotechnic one.

3.3.2 Propulsion System

Rocket engines can run on either solid, liquid or hybrid propellants [125].
Different propellant combinations lead to different architectures; liquid rocket
engines will be thoroughly explained in this section, while solid rocket motors,
since their nozzle is typically made from the same material of the case, have
already been discussed in Subs. 3.3.1. Hybrid engines are an uncommon design
choice and, as such, will not be implemented. The last part of this section will

deal with engine igniters.

Liquid Rocket Engines

The main components of a liquid rocket engine are the combustion chamber, the
nozzle, the pumps, the igniters, and the flow systems [42]. According to [126],
the average mass composition (in percentage) for the SC (Staged Combustion),
GG (Gas Generator) and EX (Expander) cycles in liquid rocket engines can be
found in Tab. 3.38 and 3.39.
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Table 3.38: Mass Percentage of Main Engine Components - 1 [126]

COMBUSTION
NOZZLE CHAMBER
RADIATIVE | COMBUSTION
CYCLE | TUBES | MANIFOLD | JACKET NOZZLE CHAMBER
SC 6.4% 17.17% 4.7% 15.66% 11.37%
GG 9.87% 1.46% 5.89% 19.69% 19.34%
EX 6.29% 23.01% 2.1% 0 20.07%

Table 3.39: Mass Percentage of Main Engine Components - 2 [126]

FLOW

PUMPS SYSTEMS STRUCTURE
GAS OX TURBO- | FUEL TURBO- (0):¢ FUEL
CYCLE GENERATOR PUMP PUMP VALVE | VALVE STRUCTURE
SC 5.51% 10.89% 14.07% 6.98% 6.9% 0.35 %
GG 4.38% 12.54% 13.54% 3.52% | 3.52% 6.25%
EX 0 14.11% 14.11% 2.02% 1.85% 16.44%

Since the thrust influences the engine dimensions, five different levels have

arbitrarily been defined:
1. 0-1kN
2. 1 kN - 10 kN
3. 10 kN - 100 kN
4. 100 kN - 1,000 kN
5. More than 1,000 kN

No engines with Level 1 thrust have been located.

Eventual engines which do not perform any of the three aforementioned
cycles (e.g. which are pressure-fed or use electric pumps) are not taken into
account for lack of characterising data. For this reason, no engines with Level
2 thrust figure in the following tables. In Tab. 3.40, 3.42 and 3.44, the engine
mass for different categories (both in thrust level and type of cycle performed)
can be found. In Tab. 3.41, 3.43 and 3.45, the respective mean component
mass (based on Tab. 3.38 and 3.39) for each engine architecture and level of
thrust can be found. Level 3 engines are characterised by only one real case
component for each cycle, while for Level 4 thrust an average mass of 940 kg
for the staged combustion engine, 968.33 kg for the gas generator engine, and
288.67 kg for the expander engine has been taken into account. For Level 5
thrust, an average mass of 3,203.5 is taken into account for staged combustion
engines, while the gas generator architecture is based only on the Vulcain 2.1

engine, and no expander engine for this level of thrust has been identified.
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Table 3.40: Level 3 Thrust Engine Mass

Level 3 Thrust
ENGINE \ MASS
Staged Combustion
CE-7.5 | 435 kg [127]

Gas Generator

YF-75 | 550 kg [128]
Expander
YF-75D | 265 kg [128]

Table 3.41: Level 3 Thrust Engine Components Mass

Level 3 Thrust
COMBUSTION FLOW
NOZZLE | ™ - A MBER PUMPS | (v arpyg | STRUCTURE
Staged Combustion
191.1 kg | 49.46 kg | 132.54 kg | 60.38 kg | 1.52 kg
Gas Generator
203kg | 106.37kg [ 167.53kg| 38.72kg | 34.38kg
Expander
83.21kg | 5319kg | 7478kg | 1025kg | 43.57 kg

Since specific data on the material composition of each engine is usually
classified, the most commonly used materials are taken into account:

 Nozzle extension (lower stages): Inconel 600 or stanless-steel [138]
 Nozzle extension (upper stages): carbon-carbon composite [138]

o Combustion chamber: copper-chromium alloy inner wall, low-alloy steel,
stainless steel or nichel based outer shell [138]

o Pumps: Inconel 625 or Inconel 718 [138]

» Flow systems (valves): A7075 [138, 81]

« Flow systems (ducts): A625 [138]

o Structure: 4340 steel alloy or 440C high strength stainless steel [138]

For components where multiple material choices can be made, only one of the
possible solutions was chosen based on its availability in either ESA or Ecolnvent
databases [10, 17]. Therefore, the nozzle extension for lower stage engines is
considered made of stainless steel 321 [17], the outer shell of the combustion
chamber and the pumps are considered made of iron-nickel-chromium alloy
[10], and the structure is considered made of 440B steel [17], as 440C is not

implemented. The combustion chamber is considered 20% in weight inner wall,
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Table 3.42: Level 4 Thrust Engine Mass

Level 4 Thrust
ENGINE \ MASS
Staged Combustion
LE-TA 1,800 kg [129]
RD-0124 480 kg [83]
YF-115 540 kg [130]
Gas Generator
CE-20 587 kg [131]
Merlin 1D 490 kg [107]
Merlin 1D Vacuum | 550 kg [115]
RD-108A 1,400 kg [132]
YF-40 83 kg [133]
YF-77 2,700 kg [134]
Expander
LE-5B 269 kg [135]
RL-10C 317 kg [103]
Vinci 280 kg [116]

Table 3.43: Level 4 Thrust Engine Components Mass

Level 4 Thrust
COMBUSTION FLOW
NOZZLE | = i AMBER PUMPS | (v orpyg | STRUCTURE
Staged Combustion

41294 kg | 106.88kg [ 286.42kg| 13047kg | 3.29 kg
Gas Generator

35741kg | 187.28kg [29495kg| 68.17kg | 60.52 kg

Expander
90.64 kg | 57.94 kg | 8146 kg | 11.17kg | 47.46 kg

80% outer shell, while the flow systems are considered 30% in weight valves,
and 70% ducts.

The manufacturing processes taken into account are:

o Nozzle: sheet rolling ("Sheet rolling, chromium steel"), TIG (Tungsten
Inert Gas) welding ("TIG Welding, Inconel [17]) [17]. All other processes
(such as sheet cutting and bending [17]) are considered "Metal working,
average for metal product manufacturing" [10] due to the lack of more
specific processes. Steel has been used as a proxy for Inconel when no

specific process for the latter could be implemented [17].

o Combustion chamber (inner wall): deep drawing [81], for which the proxy
"Deep Drawing, steel, 3500 kN press, automode" [10] is used.

« Combustion chamber (outer shell): sheet rolling ("Sheet rolling, chromium
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Table 3.44: Level 5 Thrust Engine Mass

Level 5 Thrust
ENGINE \ MASS
Staged Combustion
RD-191 3,230 kg [136]
RS-25 3,177 kg [137]
Gas Generator
Vulcain 2.1 | 2,000 kg [108]
Expander

Table 3.45: Level 5 Thrust Engine Components Mass

Level 5 Thrust
NOZZLE C%ﬁi&%gglv PUMPS SYITSLTOgl\\[/IS STRUCTURE
Staged Combustion
14073 kg | 36424 kg | 976.11 kg | 444.65 kg | 11.2 kg
Gas Generator
7382 kg | 386.8 kg | 609.2kg | 140.8 kg | 125 kg
Expander

steel" [10]), TIG welding ("TIG Welding, Inconel [17]), CNC (Computer
Numerical Control) vertical turning ("Inconel Alloys removed by turning,
CNC" [10]) [81]. All other processes (such as expansion forming and
horizontal boring [81]) are considered "Metal working, average for metal
product manufacturing" [10] due to the lack of more specific processes.
Steel has been used as a proxy for Inconel when no specific process for the

latter could be implemented [17].

Pumps: CNC turning ("Inconel Alloys removed by turning, CNC" [10]),
milling ("Inconel Alloys by milling" [10]), TIG welding ("TIG Welding,
Inconel [17]), heat treatment ("Heat Treatment, Annealing, Inconel alloys",
"Heat Treatment, Solution Treatment and Aging, Inconel alloys", "Heat
Treatment, Stress Relieving, Inconel alloys" [17]) [81]. All other processes
(such as forming/spinning, jig boring, spline cutting, chromium oxide
coating, passivation [81]) are considered "Metal working, average for metal
product manufacturing" [10] due to the lack of more specific processes.
Steel has been used as a proxy for Inconel when no specific process for the

latter could be implemented [17].

Valves: pocket milling ("Aluminium removed by milling, small parts"
[10]), EDM (Electrical Discharge Machining) ("Aluminium and Al-Li
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alloys removed by Spark Erosion, conventional EDM" [17]), CNC turning
("Aluminium and Al-Li alloys removed by turning, CNC" [17]). [81].

o Ducts: machining [81], considered as "Metal working, average for metal
product manufacturing" [10].

o Structure: due to lack of more specific information, the manufacturing of
the structural elements of the engine is considered "Metal working, average
for metal product manufacturing" [10].

Igniters

Solid rocket motor igniters can either be pyrogen or pyrotechnic [125]. These
types of igniters could also apply to liquid engines, but the typical architecture
used in this case is usually simpler, as they only need to produce a spark to work
[125]. Since pyrogen igniters consist of a smaller propellant grain [125], they
can be simply modelled considering the necessary amount of solid propellant.

The main parts considered for the pyrotechnic igniter are the ignition
controller and pyrotechnic powder, while the casing is assumed to be part of
the main structure.

The ignition controller can be modelled as "equipment with low integrated
circuit content" [9], based on [123]. Only one controller has been chosen
due to the lack of more specific information on other models; this poses
some limitations to the accuracy of the model, which has been implemented
nonetheless to broadly quantify its environmental impact. According to [9],
2% of the controller weight is made of "Integrated circuit (logic type)"', 49% of
"Other electronic components', 47% of "Printed Wiring Board, empty" and 2%
of 'Silicone coating"'. In Tab. 3.46, the specifications of the modelled controller

can be found.

Table 3.46: Ignition Controller Specifications

Ignition Controller WEIGHT SURFACE
IGNITION AND STAGING CONTROLLER | 20.41 kg [123] | 6,090.31 cm? [123]

Based on the aforementioned weight percentage division, the mean amounts of

the following quantities can be considered:

Integrated circuit (logic type): 0.408 kg

Other electronic components: 10 kg

Printed wiring board, empty: 9.594 kg

Silicone Coating: 0.408 kg
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The manufacturing processes are "Mounting of PWB (Printed Wiring Board)"
(6,090.31 ¢cm?) and "Electricity for Bake-out" (0.169 kWh, scaled from [9]). The
ignition and staging controller can then be implemented in SimaPro.

The pyrotechnic powder taken into consideration is black carbon, which is made
of 75% KNOg, 15% charcoal and 10% sulphur [139]. The average amount of
powder is 604.66 g [139].

3.3.3 Power System

The main tasks of the power system involve power storage, conditioning and
transfer [42].

Power Storage

The main component taken into account for power storage are batteries (specif-
ically, Lithium-Ton batteries). Other auxiliary components such as capacitors
and super-capacitors can already be found in Ecolnvent’s database [10].

Based on ESA’s guidelines, 70% of a battery’s weight is made of "Cells,
Li-ion (mass)", 25% of "Aluminium casing (mass)" and 5% of "Electronic Unit,
low IC (Integrated Circuit) (mass)", to which the aluminium casing surface
needs to be added [9]. In Tab. 3.47, the batteries taken into account and their
specifications can be found.

Table 3.47: Battery Specifications

BATTERY MASS SURFACE

Lithium-Ton FTS Battery 39401 0.68 kg [140] | 331.39 cm? [140]
Lithium-Ion FTS & TM Battery 39401-1 0.73 kg [141] | 360.06 cm? [141]
Lithium-Ion Battery 39611 Smart Series 1.68 kg [142] | 887.38 cm? [142)]
Lithium-Ton FTS Battery 39611-1 Smart Series | 1.68 kg [143] | 887.38 cm? [143]
High Power Li-Ion Polymer Battery 39381-4 | 5.22 kg [144] | 1,406.68 cm? [144]
Lithium-Ion Battery 39501 Series 1 kg [145] 585.16 cm? [145]
High Capacity Li-Ton Battery 39541 Series 4.4 kg [146] | 1,245.91 cm? [146]
Modular Li-Ion Battery 39521 Series 4.63 kg [147] | 1,547.51 cm? [147]

LAUNCHER BATT - S 2.2 kg [148] | 1,342 cm? [148]

LAUNCHER-BATT - L 0.8 kg [148] | 3,368 cm? [148]

Based on the aforementioned weight percentage division, the mean amounts

of the following quantities can be considered:

Cells, Li-Ion Mass: 2.24 kg

Aluminium Casing (Mass): 0.8 kg

Electronic Unit, low IC (Mass): 0.16 kg
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The manufacturing processes and their relative quantities taken into account
are [9]:

Sheet Rolling, Aluminium: 0.8 kg

Anodising, Aluminium: 1,201.15 cm?

Cleansing with Solvent: 1,201.15 cm?

Electricity Consumption for Processes: 1.7 kWh (scaled from [9])

Based on this data, the generic Lithium-Ion battery can then be modelled.

Power Distribution

Power distribution is handled by components such as wires and cables, which
are already implemented in both Ecolnvent and ESA’s databases [10, 17], and
power distribution units. Power distribution units are usually tailored to the
launcher’s specific features. The generic model for the PDU (Power Distribution
Unit) is therefore based on the only off-the-shelf unit available. This poses
some limitations to the accuracy of the model, which has been implemented
nonetheless to broadly quantify the environmental impact of the launch vehicle
electronics.

The power distribution units has been modelled as "PDU / PCDU (Power
Conditioning and Distribution Unit)": according to [9], the product "Power
supply unit, at plant" can be taken into account. In Tab. 3.48, the specifications

of the modelled power distribution unit can be found.

Table 3.48: Power Distribution Unit Specifications

POWER DISTRIBUTION UNIT MASS
PDU300|POWER DISTRIBUTION | 0.79 kg [149]

Therefore, in order to model the PDU, 0.79 kg of the aforementioned process

can be taken into account.

Power Conditioning

The devices taken into account for power conditioning are: DC-DC (Direct
Current - Direct Current) converters, EMI (Electromagnetic Interference) fil-
ters, transformers and fuses. Solid state switches can be considered as toggle
switches, in a first approximation. Other components, such as voltage regula-
tors, inverters, low-pass filters, circuit breakers, relays, and monitoring sensors,

have not been considered due to the lack of specific information.

51



Methodology

DC-DC converters can be considered electronic equipment "with low inte-
grated circuit content" [9]; 2% of their weight is considered made of "Integrated
circuit (logic type)", 49% of "Other electronic components', 47 % of "Printed
Wiring Board, empty" and 2% of "Silicone coating" [9]. In Tab. 3.49, the
DC-DC converters taken into account and their specifications can be found.

Table 3.49: DC-DC Converter Specifications

DC-DC CONVERTER | MASS | SURFACE
SVFL2800D SERIES | 88 g [150] | 29.18 cm? [150]
SVTR2800D SERIES | 55 g [151] | 20.97 cm? [151]
SVSA2800D SERIES | 15 g [152] | 7.46 cm? [152]
SVLFL2800D SERIES | 88 g [153] | 29.18 cm? [153)]

SVLTR2800D SERIES | 55 g [154] | 20.98 cm? [154]

[155]

[156]

[157]

SVLHF2800S SERIES | 28 g [155] | 14.58 cm? [155]
SVLSA5000D SERIES | 15 g [156] | 7.46 cm? [156]
SVRFL2800D SERIES | 88 g [157] | 29.18 cm? [157]

Based on the aforementioned weight percentage division, the mean amounts

of the following quantities can be considered:
o Integrated Circuit (Logic Type): 1.08 g
e Other Electronic Components: 26.46 g
o Printed Wiring Board, Empty: 25.38 g
 Silicone Coating: 1.08 g

The average surface is 19.87 cm?.

The manufacturing processes taken into account are "Mounting of PWB'
and "Electricity for bake-out" [9]; the energy needed is 4.46 - 10°* KWh, scaled
from the data available in [9].

Based on this data, the generic DC-DC converter can then be modelled in

SimaPro.

EMI filters are electronic components with no integrated circuit content; they
can therefore be modelled considering the guidelines for electronic equipment
"with low integrated circuit content”, removing the 2% in weight reserved to "In-
tegrated circuit (logic type)" and assigning it to "Other electronic components'
[9]. The weight percentage division is thus: 51% "Other electronic components',
47% "Printed Wiring Board, empty", and 2% "Silicon Coating" [9]. In Tab.
3.50, the EMI filters taken into account and their specifications can be found.

Based on the aforementioned weight percentage division, the mean amounts

of the following quantities can be considered:
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Table 3.50: EMI Filter Specifications

EMI FILTER | WEIGHT | SURFACE
VSCF20-28 75 g [158] | 23.5 cm? [158]
DVME28 Series | 83 g [159] | 29.18 cm? [159]
VSCF10-28 40 g [160] | 16.11 cm? [160]
DVMD?28 Series | 57 g [161] | 16.98 cm? [161]
SVRMC28 Series | 55 g [162] | 20.98 cm? [162]
[163] * [163]

[164]

[165]

DVMD50 Series | 57 g [163] | 16.98 cm® [163
VSCF1-28 21 g [164
DVMH50 Series | 29 g [165

7.95 cm? [164]
10.64 cm? [165]

e Other Electronic Components: 26.58 g
e Printed Wiring Board, Empty: 24.5 g
o Silicone Coating: 1.04 g

The average surface is 17.79 cm?, which is needed for the manufacturing process
"Mounting of PWB'", while 4.305 - 10* KWh of "Electricity for bake-out" are
taken into account, scaled from [9].

Based on this data, the generic EMI filter can then be modelled.

Power transformers are electronic components with no integrated circuit
content; they can therefore be modelled considering the guidelines for electronic
equipment ”with low integrated circuit content”, removing the 2% in weight
reserved to "Integrated circuit (logic type)" and assigning it to "Other electronic
components' [9]. The weight percentage division is thus: 51% "Other electronic
components', 47% "Printed Wiring Board, empty", and 2% "Silicon Coating" [9].
In Tab. 3.51, the power transformers taken into account and their specifications
can be found.

Table 3.51: Transformer Specifications

TRANSFORMER | MASS | SURFACE
SGTPL2516T02812x | 40 g [166] | 5.83 cm? [166]
SGTPL2516T02805x | 40 g [166] | 5.83 cm? [166]
SGTPL2511T02812x | 28 g [166] | 6.79 cm? [166]
SGTPL2511T02805x | 28 g [166] | 6.79 cm? [166]

SGTPL-2516 37 g [167] | 7.62 cm? [167]

Based on the aforementioned weight percentage division, the mean amounts
of the following quantities can be considered:

e Other Electronic Components: 17.646 g

o Printed Wiring Board, Empty: 16.262 g
53



Methodology

o Silicone Coating: 0.692 g

The average surface is 6.572 cm?, which is needed for the manufacturing process
"Mounting of PWB'", while 2.858 - 10°* KWh of "Electricity for bake-out" are
taken into account, scaled from [9].

Based on this data, the generic power transformer can then be modelled.

Fuses made specifically for space applications can be considered made of of
copper alloy terminals in a ceramic casing [168, 169, 170, 171]. It is assumed
that 80% of the weight is made of ceramics, and the remaining 20% is made of
metals. Since no specific process for fuses is available in databases, the process
'Diode, ceramic packaging|Production" [17] is used as a proxy for the insulator
part, the process "Copper part for wires|Production” [17] is used to model the
copper alloy, to which the "Tin plating, pieces" process [10] is added. In Tab.
3.52, the fuses taken into account and their specifications can be found.

Table 3.52: Fuse Specifications

FUSE | MASS | TERMINAL SURFACE
MGA-S | 0.035 g [168] 2.4 mm? [168]

HCSF | 0.8 g [169] 25 mm? [169)]
UMT-W | 1.42 g [170] 29.96 mm? [170]

HCF | 0.8g[17]] 25 mm? [171]

Based on the aforementioned weight percentage division, the mean amounts

of the following quantities can be considered:
e Diode, Ceramic Packaging: 0.611 g
o Copper Part for Wires: 0.153 g
o Tin Plating, Pieces: 20.59 mm?
As all processes include both the material and the production processes, the

generic fuse can be directly implemented in SimaPro.

3.3.4 Communication System

The communication system aboard a launch vehicle mainly consists of radios

and antennas [42].

Radios

Radios can be modelled as "Transponders" [9]. Based on ESA’s guidelines [9],
20% of the weight is made of "Aluminium Casing", while the remaining 80%
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Table 3.53: Radio Specifications

RADIO MASS SURFACE
FRONTIER - X 920 g [172] | 23552 mm? [172]
FRONTIER - S 590 g [173] | 22559.46 mm? [173]
T-740E S-BAND LAUNCH VEHICLE TRANSMITTER | 7.03 kg [174] | 2194.83 cm? [174]

is made of "Electronic Unit". In Tab. 3.53, the radios taken into account and
their specifications can be found.
Based on the aforementioned weight percentage division, the mean amounts

of the following quantities can be considered:
e Aluminium Casing: 569.33 g
o Electronic Unit: 2,227.33 g
The manufacturing processes taken into account are [9]:
o Electricity consumption for processes: 1,218.37 kWh (scaled from [9])
e Sheet Rolling, Aluminium: 569.33 g
 Anodising, Aluminium: 746.98 cm?
o Cleaning with Solvent: 746.98 cm?

Based on this data, the generic radio can then be modelled.

Antennas

Launch vehicle antennas cover a range of functions, from telemetry to guidance
and navigation, transmitting real time information to ground stations and
allowing for optimal mission tracking and control [175]. Launcher-specific
antennas require particular mechanical properties, as they have to withstand
intense vibrations, rapid temperature changes, and high aerodynamic forces
[175].

Due to the lack of specific information, a generic antenna made of a metallic
frame, an insulator and a heat shield is considered; the insulator is assumed
to make up 20% of the weight [9], the metallic frame 70% (lowered from the
80% assumed in [9] to account for the heat shield), and the heat shield the
remaining 10%. The antennas and their relative properties that were taken
into account, given the availability of their specific data and the similarities to
other antennas ([175]), can be found in Tab. 3.54:

The average amounts of materials needed therefore are:
o Aluminium: 462.93 g

e Fused Silica: 132.27 g
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Table 3.54: Antenna Materials

METALLIC FRAME | INSULATOR | HEAT SHIELD
ANTENNA MASS MATERIAL MATERIAL MATERIAL
AS-49090
Silﬁ(é%%—é?gg)fi 454 g [176] Aluminium? Fused Silica [176] -
PATCH ANTENNA
AS-49034 ] . . Resin Quartz
CAVITY-BACKED | 1140 g [177] Aluminium Fused Silica [177] C ite [177]
HELIX ANTENNA Oraposite
AS-49063 VT . Resin Quartz
MONOPOLE 390 g [178] Aluminium Fused Silica [178] C ste [178]
BLADE ANTENNA OMPOSIte

! Assumed based on [9].

e Resin Quartz Composite: 66.13 g

To model the antenna in SimaPro, the metallic frame is considered made of
aluminium 6061 that is cast and die forged [9], the insulator is made of "sand
(quartz)" that is manufactured as "flat glass" [10], and the heat shield is made
of "epoxy resin insulator, SiO5", which includes both the raw materials and the

manufacturing processes.

3.3.5 Command & Data Handling System

The command and data handling system mainly consists of command comput-
ers and data processing, storage and distribution electronics [42]. The data
processing functions are considered to be carried out by the flight computer
itself.

Command Computers

On-board flight computers are usually tailored to the launcher’s specific features.
The generic model for the command computer is therefore based on the only
off-the-shelf flight computer available. This poses some limitations to the
accuracy of the model, which has been implemented nonetheless to broadly
quantify the environmental impact of the launch vehicle avionics. The computer
has been modelled as "SMU (Satellite Management Unit)/ OBC (On-Board
Computer)": according to [9], 20% of its weight consists of "Aluminium casing”,
while the remaining 80% is made of "Electronic Unit, high IC". In Tab. 3.55,
the specifications of the modelled flight computer can be found.

Table 3.55: Flight Computer Specifications

FLIGHT COMPUTER
PHOENIX FLIGHT COMPUTER

MASS
5.44 kg [179

SURFACE
2,171.48 cm? [179]
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Based on the aforementioned weight percentage division, the mean amounts
of the following quantities can be considered:

e Aluminium casing: 1.08 kg
o Electronic Unit, high IC: 4.32 kg

The manufacturing processes taken into account are 'Sheet rolling aluminium",
"'Anodising of aluminium", "Cleaning with solvent" and "Electricity consumption".
The electricity consumption is 2.349 kWh, scaled from [9].

Data Storage Units

Data storage is mainly handled through SSDR (Solid State Data Recorders).
They can be modelled as "electronic units with high memory type integrated
circuit" [9]. According to [9], 10% of the weight is made of "Integrated circuit
(memory type)", 56% of "Other electronic components', 32% of "Printed Wiring
Board, empty" and 2% of 'Silicone coating". In Tab. 3.56, the SSDRs taken
into account and their specifications can be found.

Table 3.56: Solid State Data Recorders Specifications

SSD WEIGHT SURFACE
RH3440 Solid-State Data Recorder | 620 g [180] | 16000 mm? [180]
RH304T Solid-State Data Recorder | 750 g [181] | 16000 mm? [181]
RH3480 Solid-State Data Recorder | 750 g [182] | 22000 mm? [182]

Based on the aforementioned weight percentage division, the mean amounts

of the following quantities can be considered:

Integrated Circuit (Memory Type): 70.67 g

Other Electronic Components: 395.73 g

Printed Wiring Board, Empty: 226.13 g (18000 mm?, as the required

functional unit is mm? [10])

Silicone Coating: 14.13 g

The manufacturing processes taken into account are "Mounting of PWB" and
"Electricity for bake-out", based on [9]. The average SSDR surface is 18000
mm? (See Table 3.53), while the mean energy needed for bake-out is 5.837 - 10
KWh, scaled from the data available in [9].

Based on this data, the generic SSDR can then be modelled in SimaPro.
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Data Distribution Units

Data distribution is mainly carried out by data buses [42]; however, since every
rocket architecture is unique, no modular or standardized data bus system
is commercially available, thus making it impossible to model a generic data
distribution unit; if their specific features were known, they could be modelled
as "electronic components with high calculation or data processing needs",

according to ESA’s guidelines [9)].

3.3.6 Guidance, Navigation and Control System

The GN&C (Guidance, Navigation and Control) system contains the attitude
control system and the reaction control systems [42]. Their functions can be
carried out through thrust vectoring and the use of control surfaces, controlled
and guided by navigation sensors such as an INU (Inertial Navigation Unit)
and star trackers [42]. Everything is regulated by the flight computer [42].

Thrust Vectoring

The most common TVC (Thrust Vector Control) methods can be found in Tab.
3.57; they can be applied to solid and/or liquid engines.

Table 3.57: Thrust Vectoring Methods [125]

METHOD LIQUID | SOLID
Gimbal X -
Flexible Laminated Bearing - X
Flexible Nozzle Joint - X
Jet Vanes X X
Jetavator - X
Jet Tabs - X
Side Injection X X

Small Control Thrust Chambers
(Vernier Thrusters)

Gimbals, if present, add approximately 3.6% to the engine mass [72]. They
can be considered made of the same material as the engine structure, which is
440b stainless steel [138]. Considering a mean engine mass of 1,064 kg [127,
128, 129, 87, 130, 131, 107, 115, 132, 133, 134, 135, 103, 116, 136, 137, 108],
the mean mass of a gimbal mechanism is 38.3 kg. The manufacturing process
through which it is produced is "Metal working, average for chromium steel

product manufacturing" [10].

A nozzle with a flexible laminated bearing is held in place by a ring with
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alternating layers of elastomer and sheet metal [125]. Assuming that the ring
is placed exactly at the nozzle throat, with an average throat diameter of 0.62
m [99, 120], and that the bearing is made of 10 layers (5 elastomer and 5 metal
layers) of 0.254 mm thickness [183] and an assumed 7 cm height, a total amount
of 0.19 kg of rubber and of 1.36 kg of stainless steel are needed to manufacture
it. The process "synthetic rubber, at plant" [10] is taken into account for both
the material and the manufacturing, while for the production of the stainless
steel sheet the process "sheet rolling, chromium steel" [10] is taken into account.
Since no specific data was found for flexible nozzle joints, but they too are
made of alternating layers of elastomers and metals [125], in a first approxima-

tion the flexible laminated bearing can be considered a proxy for the nozzle joint.

Jet vanes assemblies comprise of the vanes themselves, and a shroud to
which they are attached [184].
The shroud outer diameter corresponds to the engine nozzle exit diameter
(D) [184]; it is 0.54D tall [184], 21.6 cm thick [184], and it can be considered
made out of the same material as the vanes (C-SiC [185]). Considering a mean
diameter of 1.72 m [127, 87, 132, 133, 116, 103, 136, 137, 108, 99], the mass of
the shroud is 2525.81 kg.
The chord of the vanes is approximately 0.64D [184], which corresponds to 1.1
m for a mean exit diameter of 1.72 m. Jet vanes have a double-wedge airfoil
with blunted edges shape [184]; however, they are considered to be a simple
parallelepiped (with dimensions 1.13 x 0.73 x 0.18 m) made of C-SiC [185]: the
mass of a single jet vane is therefore 307.36 kg.
The manufacturing process taken into account for the production of both the
shroud and the vanes is "Heat, industry supply" [17], as the vanes need to go
through several heating processes during production [185]. The total amount
of heat required to manufacture the shroud is 13.3 MJ [185], while the heat
required for the production of one jet vane is 1.61 MJ [185].

The jet tab assembly is comprised of a steel shaft and support, blade
and shaft insulation, refractory metal blade, and refractory screw [186]. The
shaft and support are made of cast stainless steel, the insulation is made of glass
phenolic material which is compression moulded, and the refractory components
are machined from molybdenum [186]. Assuming a square 55.8 x 55.8 cm tab
[187], with a support that is 2.54 cm in diameter, two 0.64 cm refractory layers
[186] and two 0.51 cm insulation layers [186], the total masses of the different

elements can be found in Tab. 3.58.

The manufacturing process taken into account for both the support and

the shaft is "Casting, steel" [17], while for the refractory parts "Metal working,
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Table 3.58: Jet Tabs Element Masses

ELEMENT | MASS
Support 2.19 kg
Shaft 61.29 kg
Refractory | 40.74 kg
Insulation 5.88 kg

average for metal product manufacturing" [10] is employed, due to the lack
of more specific processes. Lastly, the insulation is modelled by considering

"GFRP, mould, RTM (Resin Transfer Moulding)" [17], as it includes both the

necessary materials and the manufacturing.

A jetavator is made up of three laminated layers:

o Heat resistant layer: usually made of tungsten, molybdenum or ceramic
[188]

« Heat insulating layer: usually made of CFRP, rubber or ceramic [188]
 Reinforcing layer: usually made of steel or aluminium [188]

Considering a mean nozzle exit diameter of 1.4 m [99], based on [188], the
thickness of the heat resistant layer and the reinforcing layer is 0.035 m, while
the insulating layer is 0.018 m thick. The height of the jetavator is 1.12 m. The
first layer is assumed to be made of molybdenum, the second of CFRP and the
third of steel. The masses of the three elements can be found in Tab. 3.59.

Table 3.59: Jetavator Element Masses

ELEMENT MASS

Heat Resistant Layer | 1,762 kg
Insulating Layer 146.04 kg
Reinforcing Layer | 1,354.97 kg

The considered manufacturing process are "Metal working, average for metal
product manufacturing" [10] for the heat resistant layer, as more specific pro-
cesses are not available and "Steel removed by turning, average, conventional"
[188, 10] for the reinforcing layer. The insulation is modelled by considering
"CFRP, cured by autoclave Process" [17], as it includes both the necessary

materials and the manufacturing.

Vernier thrusters consist in small engines that can be both next to the
main engine or along the rocket body [125] and, as such, can be modelled

as shown in Subs. 3.3.2. They will be considered as gas generator engines,
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although most small thrusters are pressure-fed and thus do not fit into any of
the categories mentioned in Subs. 3.3.2. In Tab. 3.60, the specifications of the

considered Vernier thrusters can be found.

Table 3.60: Vernier Thrusters Masses

THRUSTER | MASS
R-1E 3.70 kg [189]
LRI01-11 22 kg [190]

The mean mass is therefore 12.85 kg, which corresponds to a nozzle extension
mass of 4.03 kg, a combustion chamber mass of 2.58 kg, a pumps mass of 3.63
kg, a flow systems mass of 0.5 kg and a structure mass of 2.11 kg. The different
elements can then be modelled with the materials and manufacturing processes
mentioned in Subs. 3.3.2.

Out of all possible thrust vectoring methods introduced in Tab. 3.57, only
the side injection method has not been modelled, as it consists of additional

ducts in the engine, which have already been modelled in the Subs. 3.3.2.

Control Surfaces

Control surfaces include fins and wings [42].

The fins are modelled after the four fins on the first stage of Falcon 9 [101],
which are made of titanium that is cast in a single piece [191]. The dimensions
of the grid fins are approximately 1.2 x 1.5 x 0.25 m [192], considering only 5%
of the volume to be actually made of titanium, the total weight of a single grid
fin is 101.4 kg. Using the process "Casting, titanium" [17], the generic grid fin
can be implemented in SimaPro.

Wings appear on launch vehicles like Blue Origin’s New Glenn; however, no
public information about their size or mass is publicly available, and, for such

reason, they cannot be modelled.

Navigation Sensors

Two types of navigation sensors that can be found on a launch vehicle are INUs
and star trackers [42]. However, no available off-the-shelf sensors of either type
have been located and, as such, these components have not been implemented.

Two possible modelling approximations can be found in Chapter 4.

Computers

The flight computer is assumed to carry out both GN&C and C&DH (Command
and Data Handling) functions [179]. The implementation is therefore the one
presented in the Subs. 3.3.5.
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3.3.7 Emergency Systems

The main types emergency systems on board a launch vehicle are abort systems
and fire control systems [42]. There are also redundant systems or components
[42], which can simply be modelled in an LCA by choosing more than one unit
wherever necessary.

The majority of launch abort system are implemented in manned missions,
in order to protect the crew in case of failure; however, they are mostly installed
on the capsule rather than the launch vehicle itself and, as such, will not be
covered in this document.

Most launch vehicles, whether crewed or not, are equipped with a flight
termination system, whose purpose is to destroy the rocket in case of emergency
to avoid hurting civilians [193]. The main components of a flight termination
system are a receiver (an antenna), a safe and arm device, and a termination
system [193]. The antenna has already been modelled in the Subs. 3.3.4, while
the safe and arm device can be simplified as a switch. As mentioned in Subs.
3.3.3, the switch is modelled as a toggle switch. The termination system can
either comprise of a destruct charge or a linear shaped charge [193].

The main components of a destruct charge are the metal housing, the
detonation charge and the transfer lines [194]. Considering a total mass of
1,130 g [194], and assuming that the casing makes up 60% of it, the explosive
30% and the transfer lines 30%, the following quantities and materials can be

considered:
« Stainless Steel [194]: 678 g
« PBXN-5 Explosive Load [194]: 339 g
o Transfer Lines [194]: 113 g

Stainless steel 304 has been chosen, while both the transfer lines and the PBXN-
5 have been considered as made of 95% RDX (cyclotrimethylenetrinitramine,
C3HgNgOg) explosive crystals and 5% of polyurethane, which acts as a binder
[195]. Due to the lack of more specific information, the manufacturing process
for the stainless steel casing is considered to be "Metal Working, average for
Chromium Steel Product manufacturing" [10].

A linear shaped charge consists of an explosive, encased in a metal sheath
liner [196]. The metal taken into account is aluminium, while the explosive
is RDX [196]. A mean length of 1.3 m can be considered [197], to which
corresponds an average explosive mass of 263.25 g [197]. It is assumed that the
explosive makes up 30% of the weight, while the casing the remaining 70%; thus,

to model the charge, 614.25 g of aluminium are needed. Due to the lack of more
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specific information, the manufacturing process taken into account for the metal
sheath is "Metal Working, average for Aluminium Product manufacturing".

63



64



Chapter 4

Ariane 6 LCA Goal, Scope
and LCI Definition

The aim of this section is to describe the first two phases of a complete cradle-
to-use LCA study of the Ariane 6 launcher, which has been chosen as the real
case study due to the attention to sustainability posed on it, from its design to
the production and use phases [198].

The first steps to perform an LCA are to define the goal and scope of the study,
its functional unit (a quantified performance of a product system for use as a
reference unit), and the system boundaries [3]. The following step is to then
perform the LCI data collection and the necessary calculations [3]; whenever
possible, the use of secondary data from the database developed in Chapter 3

will be implemented.

4.1 Goal and Scope

The objective of this study is to understand the environmental hot spots in the
cradle-to-use part of the life cycle of a launcher, and to identify eventual phases
with a negligible impact, which can therefore be neglected in a simplified first
approach. This type of analysis not only helps characterise the areas on which
it is important to focus, but, when compared to other similar studies, allows to
draw conclusions on the most sustainable options available, thus contributing
to the overall sustainable development of the space sector.

As mentioned in Chapter 2, the lack of specific data poses limitation to the
accuracy of the implemented models; moreover, the exclusion of some processes,
as explained in Sec. 4.1.2, could influence the overall results and potentially
lead to the wrongful omission of some environmental hotspots. Nonetheless,
this study can be considered a first approximation in identifying the major

contributors to the environmental impact of a launcher and, as such, can be
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helpful to companies or LCA practitioners.

4.1.1 Functional Unit

This LCA study has been divided into two different parts: the first one deals
with analysing the impact testing and other life cycle phases have on the overall
program, comparing the processes implemented in Sec. 4.3 to 117 Ariane 6
launches, assuming the launcher completes the same amount as Ariane 5 did
[199]. Since the Ariane 62 configuration with the short fairing was used for
testing, the same architecture has been chosen to evaluate the production,
transportation and launch impacts. The second section deals with comparing
the impact of the four different possible architectures. The functional unit
chosen for each architecture is "to place a kg of payload into a Low Earth Orbit".
This way, the impacts are normalised and can be accurately compared, while
a choice of a single launch as the functional unit would automatically lead to

smaller architectures being more sustainable, as they require less components.

4.1.2 Boundaries

This section will explain which processes have been included in the system

studies [3], and the reasons for which some phases were excluded.
In Fig. 4.1, the implemented processes can

be seen. A green border means that the

phase has been implemented, while a red

[ DEVELOPMENT PHASE ] border means that it has been neglected.

| The development phase, which includes of-

w /[ e Ma*e”i' EXmchion ]\ fice works, business trips and testing and
% [ Siage & i Conponeris ] qualification of smaller components [11] has
% 1 not been implemented due to the lack of
g [ Tra";""” ] data, while the disposal phase falls outside
» \[ Testing | ) the scope of the study. No infrastructure has
l been implemented, as it is assumed that its

81 [ [ PropstiantProcucton | ) impact is negligible compared to the rest of
E% 1 the program; moreover, buildings and con-
8 [ = ] Z/ trol centres are usually employed for more
[ Dlsposi o ] than one launcher program, and there is no

precise rule on how to split their impact over
Figure 4.1: Arianc 6 LCA all possible programs. Should their impact
Boundaries be quantified, it would be more sensible to
perform a separate LCA study that only
includes infrastructure.
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4.2 Vehicle Components Inventory

This section will deal with implementing Ariane 6’s main components, following
the structure implemented in Chapter 3. It is important to note that, while some
subsystems can be modelled with a rather high degree of accuracy, the same
cannot be said about avionics. However, due to their large use of rare minerals,
avionics can be the most impactful components in some impact categories,
and, as such, they cannot be neglected in an LCA analysis. Therefore, two
different approaches have been undertaken and compared: the first one consists
in firstly implementing all the known avionic components on board Ariane
6, and then modelling all the remaining unassigned mass as 20% aluminium
casing and 80% electronic units, as in [200]. Subsections 4.2.3, 4.2.4, 4.2.5, 4.2.6
and 4.2.7 will introduce the known components that make up each subsystem,
while Subs. 4.2.8 will deal with implementing the unknown avionics with the
aforementioned approximation, and compare it to the second approach. The
latter consists in considering the overall mass of the avionics, which is then

distributed between the main components.

4.2.1 Structure

Main Structure

In Tab. 4.1, the structural components that make up the four different possible

architectures can be found.

Table 4.1: Ariane 6 Structural Components

ARIANE 62 ARIANE 64 ARIANE 62 ARIANE 64
SHORT FAIRING | SHORT FAIRING | LONG FAIRING | LONG FAIRING
COMPONENT UNITS
Lower Stage -
Heavy Lift Launcher 1 1 1 1
Interstage (GFRP) - 1 1 1 1
Heavy Lift Launcher
Upper Stage
(Aluminium) - 1 1 1 1
Heavy Lift Launcher
Booster,
> 1,000 kN Thrust 2 4 2 4
Fairing (GFRP) - 1 1 ) )
Heavy Lift Launcher
Long Fairing!
(GFRP) - - - 1 1
Heavy Lift Launcher

L A new process consisting of 2,600 kg of "GFRP, cured by Autoclave' [17, 117] has been created, as the long fairing option was not
implemented in Chapter 3.
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Mechanisms

A single unit of frangible joint is taken into account to model the separation
mechanisms between the first and second stage [97].

The separation mechanism between the second stage and the payload fairing
is made of twelve metallic springs [97]; however, no information on their sizes,
composition or manufacturing processes is publicly available and, as such, they

cannot be modelled.

4.2.2 Propulsion System

The three components that need to be implemented in the propulsion system
are the first stage engine (Vulcain 2.1 [96]), the second stage engine (Vinci [96])
and the engine igniters.

Vulcain 2.1 produces 1,371 kN of thrust [201] and, as such, falls under the
category "> 1,000 kN Thrust, Gas Generator" presented in Chapter 3; its
corresponding components can therefore be selected.

The engine also features an innovative heat shield design, with thermal
tiles made out of Prosial, a silicon based material [202]. Since no in-depth
information about the composition of the heat shield is publicly available, it
has been modelled as "Silicon product, at plant" [10]. To calculate the necessary
amount of silicon to cover the Vulcain 2.1 engine, a surface of 17 m? has been
considered [17], with an average thickness of 2 cm [202]; the total mass of the
heat shield is therefore 792.2 kg.

No ignition mechanism or controller have been considered, as Vulcain 2.1 is
ignited from the ground [201]. There is no difference between the Ariane 62
and Ariane 64 architectures.

The Vinci engine produces 180 kN of thrust [201, 96], and, as such, falls
under the category "100 - 1,000 Thrust, Expander" presented in Chapter 3,
whose corresponding components can be selected to model the engine.

The Vinci engine is also characterised by the use of an APU (Auxiliary
Propulsion Unit) [97], which allows for multiple re-ignitions that help the second
stage put different payloads in different orbits. Since this type of component
normally does not make up rocket engines, it has not been modelled in Chapter
3. As no specific information on its size, material or manufacturing processes is
available, it is assumed that it is part of the "Engine Structure' components,
although this poses some limitations to the accuracy of the implemented model,
as it does not accurately depict all components, and therefore likely underesti-

mates its environmental impact.

On its maiden flight, Ariane 6 carried five PFU (Pyrotechnic Firing Unit)
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[203]. Tt is assumed that three of them are jointly carried by the first and second
stage, while each booster carries one. Therefore, the total amount of PFUs
needed for Ariane 62 is five, while for Ariane 64 it is seven. The maximum
mass of Ariane’s PFU is 11 kg [204]; it can therefore be modelled as half of
the ignition and staging controller introduced in Chapter 3, for a total amount
of 2.5 and 3.5 controllers for the Ariane 62 and Ariane 64 architectures. An
equivalent amount of pyrotechnic powder doses is needed to completely model

the ignition/staging controllers.

4.2.3 Power System

Power storage in the core stage is assumed to be completely carried out by
Li-Ton batteries, as modelled in Chapter 3. Based on [148], a total amount of
30 batteries is assumed to be on board Ariane 6, 20 of which are considered
part of the first stage, and the remaining 10 as part of the second stage. Since
the batteries are available in two configurations (small and large [148]), it
assumed that the batteries of each stage are equally distributed between the
two. Therefore, considering an overall battery mass of 120 kg for the first stage,
and of 60 kg for the second stage, a total of 57 of the battery units modelled in
Chapter 3 are used to perform the LCA. Since the boosters employ a different
kind of battery, there is no difference between the Ariane 62 and Ariane 64
architectures.

The P120C boosters use two thermal battery modules each [205]; each
module has a mass of 12.3 kg [205], and it needs to be specifically modelled
for Ariane 6, as thermal batteries have not been developed among the launch
vehicle components in Chapter 3. Based on [206], the necessary materials to

model a thermal battery are:
 Steel (11.24 kg), which is hot rolled;
o Filler wire (0.78 kg), which is arc welded;
» Rock wool (0.28 kg), for insulation.

Once the module has been implemented, four units can be added to the Ariane
62 architecture, while eight can be added to Ariane 64.

Power distribution is carried out through wires and cables, and is han-
dled by the power distribution unit. On Ariane 6, the PDU and flight computer
are integrated into a single unit called CMFU (Centralized Multi-Functional
Unit) [204]. Since the maximum mass of the CMFU is 17.5 kg [204], while the
mean masses of the OBC and PDU are, respectively, 5.44 kg and 0.79 kg (as
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seen in Chapter 3), a single CMFU has been modelled as three flight computers
and two power distribution units. Based on [203], it is assumed that a total of
five CMFUs are on board the launch vehicle, with no difference between the
Ariane 62 and Ariane 64 architectures.

As mentioned in Chapter 3, the total mass of the wiring for the lower
and upper liquid stages of Ariane 6 is respectively 1,046.64 kg and 368.92 kg;
the total mass of wiring in Ariane 6’s core is therefore 1,415.56 kg. As estimated
in Section 3.3, the wiring mass in each P120C booster is 156.5 kg; the Ariane
62 architecture therefore has a total amount of 1,728.56 kg of wiring, while the
Ariane 64 architecture has 2,041.56 kg. Based on [200], the wiring is completely
modelled as "Cable, ribbon cable, 20-pin, with plugs".

The implementation of the remaining components with both the avionics

assumptions is discussed in Subs. 4.2.8.

4.2.4 Communication System

As no information on the exact amount of both radios and antennas on board
Ariane 6 is available, for the first avionics approximation, one radio has been
taken into account for each of the following functions: telemetry, flight termi-
nation system and communication with payload. A total of six radios has been
implemented, with a double redundancy for each function.

One antenna has been taken into account for each of the following functions:
telemetry, command, flight termination system, tracking and communication
with payload. The flight termination antenna has already been included in the
complete system and, as such, will not be taken into account in this section.
Thus, a total of eight antennas has been implemented, with a double redundancy
for each function.

4.2.5 Guidance, Navigation and Control System

Both the boosters and the first stage nozzles can be gimballed [207, 208]; as such,
three and five units of "Gimbals", for the Ariane 62 and Ariane 64 architectures,
respectively, have been considered. No information on eventual thrust vector
control systems for the Vinci engine has been found, thus no form of TVC has
been implemented for the second stage.

On Ariane 6, neither fins nor wings can be found [97]; no control surfaces
have therefore been modelled.

The flight computer has been modelled in Subs. 4.2.3, as it is part of the
CMFU. No additional computers need to be modelled for this section.

The implementation of the remaining components, with both the avionics
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assumptions, is discussed in Subs. 4.2.8.

4.2.6 Command and Data Handling System

The command computer, whose function is considered to be carried out by the
flight computer, has been modelled in Subsec. 4.2.3. Therefore, no additional
computers need to be modelled for this section.

The implementation of the remaining components,such as data storage or
distribution units, with both the avionics assumptions, is discussed in Subsec.

4.2.8.

4.2.7 Emergency Systems

Each Ariane 6 booster is equipped with a linear shaped charged device flight
termination system [197]; the Ariane 62 architecture therefore has two, while
Ariane 64 has four. No redundancy is assumed for this system.

Due to the lack of more specific information, it is assumed that the lower
and upper stages of Ariane 6 employ a different kind of flight termination
system, based on commands received from the ground stations to the main
flight avionics.

4.2.8 Other Avionics

As mentioned in Sec. 3.3, the estimated mass of avionics on board the core of
Ariane 6 is 1,215.3 kg, while each booster carries approximately 156.5 kg.

In order to carry out the first approximation, where the unknown avionics
mass is divided into 80% electronic units and 20% aluminium casing, it is
necessary to calculate the total mass introduced in the previous sections, and
subtract it from the aforementioned quantities. For the Ariane 62 architecture,
the total mass of the unknown avionics corresponds to 1,185.25 kg, while for
the Ariane 64 architecture it is 1,445.06 kg. In Tab. 4.2, the processes and

their respective quantities taken into account can be found.

Table 4.2: Other Avionics Component Masses

ARIANE 62 | ARIANE 64
Aluminium Alloy, AlLi [200] 237.05 kg 289.01 kg
Electronics, for Control Units [200] 948.2 kg 1,156.05 kg

To carry out the second approximation, the main subsystems taken into
consideration are: power, communication, guidance, navigation and control,
command and data handling, propulsion, structure and emergency systems.
The total avionics mass for Ariane 62 is 1,528.3 kg, while for Ariane 64 it is
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1,841.3 kg. The following components from each subsystem have been taken

into account:

o Power System: Li-Ion batteries, thermal batteries, Power Distribution
Unit, fuses, transformers, EMI filters and DC-DC converters;

o Communication System: radios and antennas;
o Guidance, Navigation and Control: flight computer;

o Command and Data Handling: Solid State Data Recorder (the flight
computer has already been included in the GN&C system);

« Propulsion System: ignition controller;
o Structures: stage separation controller;
e Emergency Systems: linear shaped device flight termination system.

Fourteen components have therefore been considered, each of them having an
allocated mass of 109.16 kg in the Ariane 62 architecture, and of 131.52 kg in
the Ariane 64 architecture.

In Fig. 4.2, the environmental impact of each of the two assumptions applied
to one Ariane 62 launcher can be found. As expected, the highest impact in
each case is in the "ADEPLmu (Abiotic Resource Depletion)" [17] category, as
avionics contain a high amount of rare materials. However, it can clearly be
seen how considering only the main components leads to a far higher impact
than considering only the casing and electronic units mass. Since it cannot
be determined which assumptions more closely resembles the real impact, a
conservative approach is undertaken, considering the main components only
assumption for the simulations, even though its higher impact might offset

other components or life cycle phases impacts.

4.3 Testing

The main testing steps taken into consideration are those presented in Chapter 3,
Sec. 3.1. Since specific information on pressure vessel, bake and environmental
tests is not available, Subsections 4.3.2, 4.3.3 and 4.3.4 will be carried out in
order to perform a sensitivity analysis, whose goal is to determine the extent of
the limitation excluding those processes poses on the overall analysis.

4.3.1 Thrust Measuring Tests/Static Fire Tests

To test the Vulcain 2.1 engine, two demonstration models have been built [209],

which, combined, totalled 13,798 seconds of operation [210]. In order to model
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Figure 4.2: Avionics Sensitivity Analysis Results

all impacts due to testing, the production of two ">1,000 kN Thrust, Gas
Generator" engines has been taken into account; the amount of LO, and LH,
burnt during testing can be calculated through the mass flow rate of the engine
(327 kg/s [201]), leading to a total of 4,511,946 kg of propellant being burnt
during testing, the production of which is also included in the LCA.

The demonstration model of the Vinci engine has totalled 52,156 seconds of
operation during testing [210]. It is assumed that all tests have been carried out
by a single model (100 - 1,000 kN Thrust, Expander); however, a model upper
stage has also been built to carry out the tests [210], and its production needs
to be accounted for in the LCA. During flight, the Vinci engine burns 30,000 kg
of LOy and LH, over 900 seconds of operation [201], leading to a mass flow rate
of 33.33 kg/s. The total propellant burnt during testing is therefore 1,738,359
kg.

Due to the lack of specific information regarding Ariane 6, it is assumed that
its boosters undergo the same number of static fire testing as Ariane 5’s. Ten
tests of a single boosters are therefore considered [211], with a total amount of
1,436,000 kg of solid propellant being burnt.

4.3.2 Pressure Vessel Testing

Ariane 6’s core tanks have the following capacities (See Appendix A):
« Lower stage LO, Tank: 109.55 m?
o Lower stage LH, Tank: 352.61 m?
« Upper stage LOy Tank: 21.91 m?

« Upper stage LH, Tank: 70.52 m?
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The respective volume of each of the tanks has been considered for the following
processes [17]: volumetric capacity examination, vibration test, total design
loads inspection, proof pressure inspection, pressure cycle inspection, negative
pressure inspection, leak test (with water), external leak inspection, expulsion
efficiency inspection. To these, the following non-destructive tests need to
be added: x-ray/radiographic inspection, acoustic [LEAF (Large European
Acoustic Facility)] and ultrasonic inspection [17].

The functional unit of the x-ray inspection is m?; it is therefore necessary to
know the total surface being tested. As a first approximation, 580 m? can be
considered for the lower stage, while 203.6 m? can be taken into account for
the upper stage, as introduced in Chapter 3, for a total of 783.6 m?.

Five acoustic tests have been carried out on the upper stage [212], whose du-
ration is assumed to be equal to the first stage burning time, which corresponds
to 470 seconds [97]. A total of 39.17 minutes of the corresponding process can
therefore be considered.

Lastly, as the functional unit for the ultrasonic inspection is m?, the same

volumes considered for the destructive tests can be taken into account.

4.3.3 Shake and Bake Tests

As no data regarding Ariane 6’s vibration test is available, SLS’s testing schedule
has been used as a proxy; thus, 50 hours of vibration testing can be considered
[213].

Since the vibration test spanned over a week, it can be assumed that the

vacuum tests, both in hot and cold environments, lasted five days each.

4.3.4 Environment Tests

As no information is available on neither the duration of the tests or the size of
the facility, this testing step will be excluded from the simulations, thus posing

some limits on the accuracy of the results related to the testing phase.

4.3.5 Roll Out Tests

The impact of the roll out test is equivalent to the one of the actual roll out,
which can be found in Subs. 4.4.3.

4.3.6 Full Rehearsal and Flight Tests

A full model of the Ariane 62 launcher has been built and transported to the
launch pad. The only difference from the real launch vehicle lies in the boosters

not being fuelled. Therefore, the production of a complete launcher needs to
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be taken into account for testing. The most environmentally relevant tests

performed on the full-scale model are the following [214]:
o Four second Vulcain firing test, 5 September 2023;
o Full scale rehearsal with seven minute Vulcain firing, 23 November 2023;

« Ignition of Vulcain in degraded conditions (assumed to last four seconds),
15 December 2023.

The total propellant needed to run these tests is 139,956 kg.

4.3.7 Testing Sensitivity Analysis

In Fig. 4.3, the results of the sensitivity analysis, performed by including and

excluding the testing assumptions presented in Subsections 4.3.2 and 4.3.3, can

be seen.
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Figure 4.3: Testing Sensitivity Analysis Results

It is clear how the tests carried out on the tanks have a minimal impact
compared to the rest of the testing steps; therefore, although their amount
could be higher than the one assumed, it can be concluded that neglecting
them does not pose a great limitation to the accuracy of the results related to
this phase.

4.4 Transportation

The three main transport segments taken into account are:

o Transport of the avionics and other small scale components from the

production centre to the integration centre;
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o Transport of the main components (liquid propulsion stages, boosters and

fairing) from the production centre to the vehicle assembly building;

o Transport of the fully stacked vehicle from the assembly building to the
launch pad.

4.4.1 Avionics & Small Scale Components

This section deals with the transportation of the components implemented in
Subs. 4.2.8, alongside the interstage structure. The known production centres

are:

« Madrid, Spain: CMFU (power distribution unit and flight computer) [204],
radios [215], PFU (ignition controller and staging controller) [204];

« Barcelona, Spain: antennas [216];
 Les Mureaux, France: flight termination system [197];
o Getafe, Spain: interstage structure;

o Toulouse, France: batteries [148]. Assumed as production centre for

avionics whose origin is unknown.
The integration centres are [217]:
o Le Havre, France: lower stage;
e Bremen, Germany: upper stage;
o Bordeaux, France: boosters.

In Tab. 4.3, all the possible transportation routes starting and ending points,
alongside the total distance travelled, can be found. Whenever more than
one route is available, the shortest one is chosen, as it usually corresponds
to the lowest propellant consumption and thus to the lowest environmental
impact. Trucks are assumed to be the main mean of transport; since no specific
information is available, the process "Transport, freight, lorry, unspecified" [10]
is taken into consideration.

In the Ariane 62 architecture, booster avionics make up 20.5% of the total
avionics mass, while the upper stage is responsible for 28.6% and the lower
stage for the remaining 50.9%. In the Ariane 64 case, boosters take up a higher
percentage (34%), with the upper stage making up 23.8% of the avionics mass,
and the lower stage the remaining 42.2%. For each of the fourteen compo-
nents that have been implemented, it is then assumed that the corresponding

aforementioned percentage is destined to its respective main components; for
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Table 4.3: Ariane 6 Avionics Transportation Routes Characteristics

PRODUCTION | INTEGRATION | DISTANCE
CENTRE CENTRE TRAVELLED
Madrid, Spain Le Havre, France 1,338 km [218§]
Madrid, Spain Bremen, Germany | 2,054 km [218]
Madrid, Spain Bordeaux, France 682 km [218]
Barcelona, Spain Le Havre, France 1,197 km [218§]
Barcelona, Spain Bremen, Germany | 1,657 km [218]
Barcelona, Spain Bordeaux, France 569 km [218]
Les Mureaux, France | Le Havre, France 163 km [218]
Les Mureaux, France | Bremen, Germany 824 km [218]
Les Mureaux, France | Bordeaux, France 595 km [218]
Getafe, Spain Le Havre, France 1,386 km [218]
Toulouse, France Le Havre, France 825 km [218]
Toulouse, France Bremen, Germany | 1,472 km [218]
Toulouse, France Bordeaux, France 595 km [218]

example, 50.9% of the flight computer mass, which corresponds to 55.56 kg in
the Ariane 62 case, will be transported from Madrid (its production centre) to
Le Havre (lower stage integration centre).

By applying this assumption , a total of 4,029.98 tkm (transportation of 1
metric ton across the distance of 1 km [10]) of transport by truck need to be
considered for Ariane 62, while 4,226.25 tkm are applied to Ariane 64.

4.4.2 Main Components

The main components of Ariane 6 are transported from Europe to French
Guiana mostly by using the "Canopée" ship; only the last segment is carried
out by trucks. The itinerary followed by the ship can be found in Tab. 4.4.
Assuming the ship travels at maximum speed all the time (31 km/h [217]), it
takes 293.37 hours to complete the journey. Each of the two diesel engines that
power the ship has 3,840 kW of power [217], meaning that 8.11 - 10¢ MJ of
diesel are burnt each time a new rocket is built and transported to the launch
pad. This process is modelled through "Diesel, burned in fishing vessel" [10], as

it is the closest option.

Table 4.4: Ariane 6 Main Components Transportation Routes Characteristics

PICK-UP FOLLOWING DISTANCE
COMPONENT POINT STOP TRAVELLED
Upper Stage Bremen, Germany [217] Rotterdam, Netherlands [217] | 537.08 km [219
Fairing Rotterdam, Netherlands [217] Le Havre, France [217] 457.44 km [219
Lower Stage Le Havre, France [217] Bordeaux, France [217] 996.38 km [219
Boosters Bordeaux, France [217] Kourou, French Guiana [217] | 7,103.69 km [219]
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The distance travelled by the trucks from the port in Cayenne to the Guiana
Space Centre is 79.2 km [218]. Due to the lack of more specific information,
the process chosen to model this transportation segment is "Transport, Freight,
lorry, unspecified" [10]. Since the functional unit of the process is "tkm'", it is
necessary to determine the total mass of the transported components. Tables
4.5, 4.6 and 4.7 respectively present a summary of the unfuelled masses of
the different components, the total mass that needs to be transported for all
possible combinations, and the total amount of tkm to be implemented for all

possible combinations.

Table 4.5: Ariane 6 Main Components Dry Masses

COMPONENT DRY MASS
Core Stage 23,000 kg [96]
Upper Stage 5,100 kg (See Chapter 3, Subsection "Structure - Heavy Lift Launch Vehicles")
Booster (Single Unit) 11,000 kg [122]
Short Fairing 1,800 kg [117
Long Fairing 2,600 kg [117

Table 4.6: Ariane 6 Possible Transport Combinations

ARIANE 62 | ARTIANE 64
SHORT FAIRING | 51,900 kg 73,900 kg
LONG FAIRING | 57,700 kg 74,700 kg

4.4.3 Transportation to Launch Pad

Ariane 6 is transported to the launch pad in two parts: the core (made from
the lower and upper stage joined together), which is assembled in the launch
vehicle assembly building, and the boosters, which are fuelled inside the booster
finishing facility [220, 221]. The fairing is then added to the top of the rocket
before the launch [220].
The main buildings that make up the Kourou Space Centre can be seen in Fig.
4.4.
The core is transported by autonomous guided vehicles, which follow a rail on
the 800 meter road that separates the assembly building from the launch pad,
where the core is then lifted to stand upright [220]. As no process exists to
model an AGV (Autonomous Guided Vehicle) in LCAs, "Transport, freight
train" [10] has been chosen to model this transport phase; in order to obtain
the amount of tkm for each possible architecture, the masses in Tab. 4.7 need
to be multiplied by 0.8 km.

The boosters are transported from the Booster Storage Building to the
launch pad directly [221]; it is assumed that the distance between the two is
800 m [220]. In order to transport the P120C boosters, a special truck has
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Table 4.7: Ariane 6 Total tkm for All Possible Combinations

ARIANE 62 | ARIANE 64
SHORT FAIRING | 4,110.480 tkm | 5,852.880 tkm
LONG FAIRING | 4,569.840 tkm | 5,916.240 tkm

Mobile gantry Payload preparation
facilities

Launch vehicle adapter

Main stage

Figure 4.4: Kourou Space Centre Launch Site Assembly [222]

been designed [220]: it is powered by two 235 kW Volvo engines and two 566
kW Scania engines, all of which run on diesel [221]. By knowing that its speed
when loaded is 15 km/h, a total transportation time of 192 s for each booster
can be calculated. Considering a total truck power of 1,602 kW, 307.584 MJ
are necessary to carry each of the boosters from their storage centre to the
launch pad. Therefore, a total of 615.168 MJ of the process "Diesel, burned
in agricultural machine" [10] can be taken into account for Ariane 62, while
1,230.336 MJ can be taken into account for Ariane 64. The process has been
considered as a proxy due to the agricultural machines having the same loaded
and unloaded speeds as the booster-carrying truck, even though the latter has
been specifically built for this function [221], and cannot be associated to any

traditional process.

The fairing is assumed to be transported from the encapsulation centre to
the launch pad, which is also assumed to be 800 meters away from the launch
pad. Since no information is available on the type of transport employed in
this case, the process "Transport, Freight, lorry, unspecified" [10] is chosen. The

two possible fairing masses can be found in Tab. 4.6.
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4.5 Launch

The launch event is characterised by three main phases:
1. Vulcain 2.1 burn, which consumes 154,000 kg of liquid propellant [201];

2. Boosters burn, parallel to the Vulcain burn, which consumes 143,600 kg
of solid propellant for each booster [122];

3. Following the Vulcain shut-off, the Vinci engine burns 30,000 kg of liquid
propellant.

Each event can be modelled through the processes implemented in Sec. 3.2;
however, the emissions produced by the upper stage have not been included
in the LCA, as the combustion happens in the vacuum of space and it does
not directly pollute Earth’s atmosphere. Although it is not yet clear if this
assumption is completely correct, studies tend to follow this approach rather
than including wrongly characterised emissions and thus overestimating the
impact of the propellant combustion in upper stages [223].

During the launch event, about 700 m? of water are employed by water deluge
systems [224]. These are modelled through the process "Water, unspecified
natural origin" [10], as modelled in Chapter 3.

80



Chapter 5

Ariane 6 LCA Impact
Assessment and Result

Interpretation

This chapter will present and discuss the results of the analysis introduced in
Chapter 4. The outcomes will be presented in terms of midpoint indicators, as
problem-oriented approaches (rather than damage-oriented, like endpoints) are

more suitable to space related studies [3].

5.1 Complete Program Impact Analysis

The following analysis will present the results of the LCA, assessing and

comparing the impacts in 22 different environmental categories [17]:
o Climate Change (GWP)
+ Ozone Depletion (ODEPL)
« lonising Radiation (IORAD)
« Photochemical Ozone Formation (PCHEM)
o Particulate Matter (PMAT)
o Human Toxicity, Non-Cancer (HTOXnc)
o Human Toxicity, Cancer (HTOXc)
« Acidification (ACIDef)

 Eutrophication of Freshwater (FWEUT)
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« Marine Eutrophication (MWEUT)

o Terrestrial Eutrophication (TEUT)
 Ecotoxicity of Freshwater (FWTOX)

« Land Use (LUP)

« Water Use (WDEPL)

« Resource Use, Energy Carriers (ADEPL{)

» Resource Use, Mineral and Metals (ADEPLmu)
+ Acidification (ACIDml)

« Resource Use, Mineral and Metals (ADEPLmr)
« Marine Aquatic Ecotoxicity (MWTOX)

e Primary Energy Consumption (PRENE)

 Global Temperature-Change Potential (GTP)

(Effective) Radiative Forcing ((E)RF)

In Fig. 5.1, the results of the characterisation analysis of the whole program

can be seen.
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Figure 5.1: Ariane 6 Program LCA Results Characterisation

This type of analysis helps define the environmental hotspots and negligible
impacts in all possible categories: if a threshold of 5% is taken into account to

consider an impact negligible [9], it can be observed how only the testing and
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transport fall below this value in some categories, while the manufacturing and
launch phases can be considered the major hotspots.
In Fig. 5.2, the most impacted categories from the overall program can be

observed.
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Figure 5.2: Ariane 6 Program LCA Results Weighting

The weighting of the results allows for a comparison between impact cat-
egories, therefore helping define not only the major environmental hotspots,
but on which ecological category mitigation efforts should focus. The most
impacted category is "Resource use, minerals and metals" [17], whose impact
the launcher manufacturing is mainly responsible for. The category with the
second highest impact is "Global Warming Potential" [17], which is mostly
affected by the launch event. Other categories, such as resource use (energy
carriers), water use, particulate matter formation and acidification also have a
considerable impact, while most of the remaining categories can be considered
negligible.

5.1.1 Testing

By looking at Fig. 5.1, it is clear how testing has a minor impact on the overall
program: if the aforementioned threshold of 5% is taken into account, it can be
seen how testing falls under that value in most categories, and, even when its
impact is slightly higher, it never makes up more than 8% of the overall value.
It can therefore be said that the impact of this phase is spread out over a high
number of launches, and thus does not pose a great environmental concern.
By performing an iterative analysis, the minimum number of launches that
are necessary to spread out the impact of testing can be identified: in the

Ariane 6 case, after 73 launches, the impact due to testing in most of the
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categories falls over the 5% threshold (Fig. 5.3). Therefore, at least 74 launches

are needed to ensure the testing phase is not one of the biggest environmental

|I||
$ & <

drivers in the launcher program.
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Figure 5.3: Ariane 6 Testing Impact Threshold Analysis

Although the impact of testing can mostly be considered negligible, it is
worth noting how the propellants employed in static fire tests make up the
majority of the impact (Fig. 5.4); therefore, the considerations introduced in
Subs. 2.4.2 on the importance of developing green propellants could help lower

the impact of testing even more.
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Figure 5.4: Ariane 6 Testing Characterisation
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5.1.2 Manufacturing

As mentioned before, the most impacted category overall is "Resource use,
minerals and metals" [17], for which the manufacturing is mainly responsible.
The production is also the most impactful phase in terms of ozone depletion,
freshwater ecotoxicity, water use and marine aquatic ecotoxicity. In Fig. 5.5,
the impact share of the production of each component can be found. The
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Figure 5.5: Ariane 6 Manufacturing Characterisation

manufacturing of the avionics, as expected, is the main responsible in the
resource use category, as seen in Subs. 4.2.8. Avionics, alongside the upper
stage and booster structures, are clearly the biggest environmental hotspots in
manufacturing: this is likely due to both their mass and the type of material
they employ, as smaller structures (like the upper stage one) do not impact as

much and do not employ rare materials like avionics do.

In Fig. 5.6, the impact characterisation of the avionics production can be

seel.

As expected from the approximation carried out in Subs. 4.2.8, the impacts
from almost all the components are comparable. However, it can be seen how
fuses have a slightly higher impact than the rest, while components such as
both thermal and Li-Ion batteries, and the flight termination system, have a
negligible impact compared to the rest. Therefore, it can be concluded that
components which include memory and IC units, like the PDU and flight
computer, or minerals, like fuses, have a much higher impact compared to those

made of simpler units.
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Figure 5.6: Ariane 6 Avionics Manufacturing Characterisation

5.1.3 Transport

The transportation phase is responsible for the highest impacts in the pho-
tochemical ozone formation, particulate matter, acidification, marine and
terrestrial eutrophication categories. In Fig. 5.7, the impacts related to each

transportation phase can be found.
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Figure 5.7: Ariane 6 Transport Characterisation

The transport segment with the highest impact is by far the main component
transportation by ship: this is likely due to both the high mass of the com-
ponents being transported and the length of the segment, as the other two
phases whose impact appear in the graph involve either high masses or long
distances. The analysis confirms how efforts to reduce the ship impact, such as
employing sails [217], are a step in the right direction, as impacts from other

transportation phases can be considered negligible.
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5.1.4 Launch

The launcher use phase, alongside the propellant production, is the most
impactful in terms of global warming potential, ionising radiation, human
toxicity (both cancer and non-cancer), freshwater eutrophication, land use,
resource use (energy carriers), primary energy consumption, global temperature

change potential and (effective) radiative forcing. In Fig. 5.8, the subdivision
of the impacts can be found.
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Figure 5.8: Ariane 6 Launch Characterisation

It is clear how the majority of the impacts is related to both the production
and the use of the solid propellant, with the liquid propellants still making up
a significant share, and the water impact being negligible instead. Therefore,
an architecture with more boosters will pollute much more than an equivalent
launch vehicle using only LO, and LHs; however, as explained in Sec. 5.2, the
impact might be offset by the higher amount of deliverable payload. In Figures
5.9 and 5.10, the respective impact shares for the production and combustion

of the propellants can be found.

It can clearly be seen how most of the impact related to the propellants
comes from their production rather than their combustion. Although the
analysis could become more accurate with future research on the dangers of
emitted species, the efforts described in Subsec. 2.4.2 to make not only the
propellant itself, but also its production line more environmentally sustainable

are backed by the results of this analysis.
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Figure 5.10: NH,ClO,/Al/HTPB Impacts Characterisation

5.1.5 Benchmarking

The results presented in Fig. 5.1 can be compared to two similar analyses that
have been conducted and published.

The first one concerns a partially reusable mini-launcher developed by MaiaS-
pace [225]: the study includes the analysis ground activities, non-recurring items
(such as testing and R&D (Research and Development)), and the production
of the launcher and the propellant over the span of a year of operations [225].
The results have been presented in terms of climate change (GWP category),
and resource depletion (ADEPLmu category) [225]. The main drivers in the
climate change impact category are the ground activities (which include the
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transatlantic transportation of the components) and the production of propel-
lants, with manufacturing making up only about 15% of the overall impact,
and non-recurring activities having a negligible impact [225]. These results are
largely comparable to those presented in Fig. 5.1, considering Ariane 6 ground
activities do not include recovery and refurbishment, while the Maiaspace LCA
analysis excluded the launch phase.

In terms of resource use, manufacturing is the biggest driver in both analyses,
with propellant production being mostly responsible for the remaining impacts,
and transport and non-recurring activities having a negligible impact.

The second study taken into consideration models a typical two stage RP-1
expendable launch vehicle [53]. The results of the study, which only focuses on
the GWP impact category, attribute 30.4% of the impacts to manufacturing, and
67.6% to propellant production and combustion, while only 0.8% is attributed
to logistics [53]. The slight difference when comparing these values to those
presented in Fig. 5.1 is probably due to the fact that the analysis presented in
[53] does not include testing and small component transportation, while the
present document excludes impacts due to the assembly of the launcher, and
includes the transportation of avionics from their manufacturing centre to the
integration centre. Nevertheless, the main drivers and their respective impact

percentages are comparable in both studies.

5.2 Ariane 6 Architectures Comparison

In Chapter 4, four different Ariane 6 architectures have been implemented:
Ariane 62 and Ariane 64, which respectively have two and four solid boosters,
each one of which can have a short or long payload fairing. In Fig. 5.11, the
comparison between the impact per launch of the different architectures can be
found. As expected, the Ariane 64 architecture has a higher absolute impact,
mostly due to the additional booster structures and propellant; the difference
between the short and long fairing architectures is minimal.

It is however mandatory to compare the impacts normalised per kilogram of
payload: this is because a higher overall impact might be offset by a greater
payload capability. Considering a payload capability in LEO of 10.3 tonnes for
Ariane 62, and of 21.6 tonnes for Ariane 64 [97] (there is no change in capability
based on the fairing dimensions), the results of the analysis can be found in
Fig 5.12.

It can be seen how the higher environmental impact due to the additional
components on Ariane 64 is actually offset by the higher payload. This un-
derlines the importance of choosing the correct functional unit when carrying

out LCA studies, as a wrong choice could lead to a misinterpretation of the
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Figure 5.12: Ariane 6 Architectures Comparison Per kg of Payload

results. In this case, the seemingly worse choice is actually more sustainable
when carrying the maximum payload possible; should one of the configurations
perform a launch not at its full capability, the analysis should be done again,
and its results might change.

It is also interesting to compare the numbers of launches it would take for
all architectures to carry the same amount of payload in LEO: approximately
2.1 launches of Ariane 62 would be necessary to reach the same capacity as
Ariane 64. The results of this comparison can be found in Fig. 5.13.

The difference between the Ariane 62 and Ariane 64 architectures is similar
to the one obtained when normalising per kilogram of payload: it can therefore
be concluded that, when carrying the maximum payload possible, it is better
to have one bigger launch vehicle rather than multiple smaller vehicles. Smaller

architectures are therefore useful for lighter payloads, while bigger ones should
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be the primary choice when carrying heavier cargo, or whenever a satellite ride

share is possible.
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Chapter 6

Conclusions

This chapter will present the main conclusion and achievements of this work,

alongside suggestions to improve future work on the matter.

6.1 Achievements

The major achievements of this work can be divided into three different sections:
the state of the art review, the implementation of components and parameters
usually missing in common LCA practices, and the Ariane 6 real case study.

Regarding the first section, a thorough review on the current limitations on
LCA studies in the space sector was conducted. The main conclusions concern
the lack of available data, which limits the accuracy of LCA studies, and details
a framework in which companies are encouraged to share their data, with the
common goal of achieving a more sustainable industry; this first section also
deals with the risks related to the long life cycle of launchers, and it introduces
prospective LCAs and risk factors as valuable tools to avoid incurring into
material obsolescence while a product is still in its operational phase.

The biggest achievements of the implemented methodology firstly consist in
detailing a typical launch vehicle testing routine, together with the correlated
testing processes to implement in an LCA study.

Secondly, the methodology has dealt with implementing more than 70
different launch vehicle components, belonging to seven different subsystems.
None of these components had previously been implemented in ESA’s LCI
database [17], and other studies and databases tend to include foreground data,
rather than generalised processes. Although not every small scale component
was implemented, as commercially available products were not always available,
this first implementation can be considered a good result, as it allows users to
model a complete, yet simplified, rocket, which can be helpful to both identify

hotspots in very early design phases, and to compare different alternatives
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to ultimately select the most sustainable one. The methodology also dealt
with identifying and implementing the production and use of some of the most
common propellant combinations, focussing on their combustion products and
their characterisation. In order to obtain more complete results, new metrics
were added to the analysis method, whose purpose is to better characterise the
particulate matter produced by rockets, whose impacts are yet to be completely
understood. The addition of usually neglected products of combustion and
impact metrics made the analysis as in depth as possible with the currently
available knowledge.

Some of the key findings noted when applying everything that was previously
introduced to the real case study of Ariane 6 were that testing impact can be
considered negligible with respect to the emissions due to manufacturing, trans-
portation and launch of a launcher. Avionics and big structural components are
the main drivers in all impact categories relative to the production phase, while
ship transport is the sole impact driver of the transport segment. Propellant
production, especially concerning solid propellants, is far more impactful than
their combustion, although studies on black carbon and alumina particles are
yet to give conclusive results. Lastly, by comparing different Ariane 6 archi-
tectures, it was observed how a bigger absolute impact does not necessarily
lead to a more polluting architecture: if the payload capability is high enough,
the higher impacts can be offset by the higher quantity of deliverable cargo,
thus making bigger architectures more sustainable. By identifying the main
environmental hotspots, the LCA analysis led to the definition of the problem
areas, which need further improvements to become more sustainable, and to

the phases, such as testing, that can be initially neglected in order to obtain a
simplified LCA.

6.2 Future Work

Future work on the matter could mostly be improved in two different ways:
firstly, if more data is being openly shared and databases become more complete,
the analysis can be carried out more accurately and in depth, giving more reliable
results and reducing the usage of approximations. A better characterisation of
combustion products could also lead to a reevaluation of the share of impacts
related to the launch phase, to which could correspond a burden shift with
respect to the analysis carried out in this work.

Secondly, the scope of the work could be expanded to include both the
development and disposal phases, introducing new metrics to take the creation
of space debris into account, and quantifying the office work and development
testing environmental impacts, to give an overall more comprehensive analysis.
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Appendix A

Ariane 6 Tank Volume

A.1 Lower Stage Tanks

The lower stage LO, tank contains 125 tonnes of liquid oxygen at -183°C [97],
which has a density of 1,141 kg/m3. Tts volume is therefore 109.55 m3.

The lower stage LHy tank contains 25 tonnes of liquid hydrogen at -253°C [97],
which has a density of 70.9 kg/m?. Its volume is therefore 352.61 m3.

A.2 Upper Stage Tanks

The upper stage LOy tank contains 25 tonnes of liquid oxygen at -183°C [97],
which has a density of 1,141 kg/m?. Its volume is therefore 21.91 m3.

The upper stage LHy tank contains 5 tonnes of liquid hydrogen at -253°C [97],
which has a density of 70.9 kg/m?. Its volume is therefore 70.52 m?3.
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