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summary

For over 50 years, hydrazine has been the industry standard for monopropellant propulsion systems
used in space. Due to the propellant’s toxicity however, the related handling and fuelling costs are high.
This financial and logistical burden is most problematic for small satellites, which is an unfavourable
outcome given the aim of improving space sustainability and reducing the amount of space debris
orbiting the Earth. Furthermore, hydrazine has been included in the European Chemical Agency’s
candidate list of Substances of Very High Concern, such that its regulatory future is uncertain. In order
to solve these issues, a key topic within space propulsion research for the past three decades has been
to find suitable replacements for hydrazine.

While the reduced toxicity and improved performance of novel monopropellants have been the subject
of numerous studies, there have been few efforts so far to more thoroughly investigate their overall
sustainability as compared to hydrazine. This is a significant research gap, not only due to the mis-
leading use of the term "green monopropellants”, but also in light of the increasing application of Life
Cycle Assessments (LCAs) in the European space industry. As the European Space Agency (ESA)
aims to adapt its activities for a more sustainable future, it has played a key role in harmonising and
promoting the use of LCA studies for space technology development. While environmental issues have
been the main focus for space LCAs, Andrew Wilson’s development of the Strathclyde Space Systems
Database (SSSD) has adapted the Life Cycle Sustainability Assessment (LCSA) framework for use
in the space sector, thereby also facilitating the evaluation of social and economic sustainability. In
an effort to bring this more advanced concept of three-pillar sustainability to the field of novel mono-
propellants, this thesis research had the goal of investigating the impact of propellant choice on the
environmental, economic and social sustainability of a representative monopropellant system.

To answer this research question, four propulsion systems were designed for the same use case, be-
ing the main propulsion system of an Earth Observation minisatellite of around 150 kg, orbiting in Low
Earth Orbit, using either hydrazine, the American novel monopropellant ASCENT, the Swedish novel
monopropellant LMP-103S, or 98% concentrated High Test Peroxide (H2O-, HTP). For each of these
systems, a full LCSA was carried out, considering the Life Cycle Inventory (LCI) from raw material ex-
traction to the point at which the propulsion system is fuelled before launch. In the LCI definition, new
datasets were added to the SSSD, using data from literature and other public sources. The overall
impact of these systems was assessed for 23 midpoint impact categories, included in the SSSD Sus-
tainability Life Cycle Impact Assessment (LCIA) method, 21 of which concern environmental impacts,
with the economic and social impact being quantified in single scores.

The results from this comparative LCSA indicate that the LMP-103S system leads to the highest envi-
ronmental impact, closely followed by the ASCENT propulsion system, due to their use of iridium and
rhenium in the thrusters’ combustion chambers. These rare metals are required to withstand the high
combustion temperature of these propellants, but their extraction processes are energy- and resource-
intensive and therefore polluting. The impact category that is most relevant in the life cycle environmen-
tal damage caused by the propulsion systems is freshwater ecotoxicity. The propulsion system using
98% HTP showed the lowest environmental impact, as it does not feature the environmental hotspots
of requiring significant amounts of iridium or rhenium in its thruster design, or of hydrazine production
and fuelling.

In terms of economic sustainability, the cost of propellant fuelling dominates the results, while it is
important to note that this assessment used a rough cost estimate for this activity, which may be overly
conservative. Nonetheless, the economic impact assessment indicates that the hydrazine propulsion
system would be the most expensive, with an estimated life cycle cost of 2.4 million € in 2023. The
cost estimates of the novel monopropellant systems lie close together, at around 1.7 million € in 2023.
The main factor differentiating these systems is the cost of the thrusters used, with the ASCENT and
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LMP-103S systems being more expensive than the 98% HTP system.

The social sustainability score of the four propulsion systems shows less variation, being mostly depen-
dent on the propulsion system assembly process, ranging from 106% of the hydrazine system’s impact
for the LMP-103S system to 83% for the 98% HTP system. Within this assessment, which is based on
the number of labour hours related to specific processes, the contribution of expensive thruster compo-
nents, such as the flow control valve and combustion chamber, also plays a significant role. For future
research it is recommended to include the social impact of upstream processes, as material extraction
of rare elements such as iridium and rhenium potentially cause significant harm.

This research has shown that an in-depth sustainability assessment of monopropellant propulsion sys-
tems can provide useful insights for future design trade-offs or other comparisons. For the promising
novel monopropellants ASCENT and LMP-103S, which are increasingly being used in small satellite
applications, the usage of iridium and rhenium in the thrusters has been identified as an environmental
hotspot. The economic and social impact of clean room fuelling has been quantified, and the relative
importance of fuelling for both sustainability dimensions has been investigated. In future research, it is
recommended to improve the accuracy of the datasets used in this study and to quantify the uncertainty
contained within the LCIA results. It is also recommended to perform similar comparative LCSAs for
other monopropellant use cases, including different propellants than the ones considered here. This
would allow for a further characterisation of sustainable space propulsion technologies and provide
potential research avenues for space propulsion engineers.
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Introduction

In the past decade, space sustainability has matured to become a serious and complex topic in the
European space industry. This rise may be motivated by reasons that are also relevant for other in-
dustries, for example the increasing public awareness of global issues such as climate change, but
the concept of space sustainability is more intricate than sustainability in other sectors for at least two
reasons. Firstly, the space industry inherently affects environments other than that of the Earth. As a
result, issues such as the increase in space debris left by decommissioned satellites are key to space
sustainability [3]. The uniqueness of these issues has the dangerous side effect of obscuring the impact
of space activities on the Earthly environment, however. This has been addressed by the European
Space Agency’s (ESA’s) Clean Space Initiative, with the promotion of the Life Cycle Assessment (LCA)
methodology to quantify the environmental impact of space missions over their entire life cycle [4].

A second factor complicating the notion of space sustainability follows the insight that new space tech-
nologies are key enablers for a more sustainable future. This is especially true for the recent growth
in small satellite megaconstellations, providing frequently updated Earth Observation data, accommo-
dating internet access in remote areas, or facilitating improved global navigation and communication.
While these systems certainly provide great benefits on Earth and may contribute to the transition to
a sustainable future, the environmental impact of developing, producing and operating these systems
should also be addressed [5], [6]. In that regard, the development of propulsion systems suitable for
use in small satellites, featuring high performance and a low environmental footprint, should be consid-
ered as one area of priority to enable truly sustainable space technology in the future [7]-[9]. Improving
the technological capabilities in this field would not only mitigate the issues of space debris by allowing
small satellites to avoid collisions and de-orbit after their operational life, but also reduce the environ-
mental harm caused on Earth during the life cycle of these satellites.

Within the field of chemical space propulsion, the usage of hydrazine (N, H4) has been presented for the
past three decades as the cause of serious sustainability issues for small satellite propulsion systems.
Hydrazine is the industry standard for monopropellant and bipropellant systems for in-space propul-
sion, due to its high performance, good storage characteristics and extensive heritage. However, the
substance is highly toxic, which has led to very stringent handling precautions and its inclusion in the
European Chemical Agency’s (ECHA's) candidate list of Substances of Very High Concern, potentially
leading to restricted use or a complete ban in the future [10], [11]. The high cost related to hydrazine
handling procedures and the regulatory uncertainty of its use have motivated an effort to find less toxic
alternatives to hydrazine. These developments have been most successful in the realm of monopro-
pellants, which is also the most relevant for the use case of small satellites [8], [12]. The promise
of these "novel monopropellants” is often that they can provide improved performance compared to
hydrazine, whilst greatly reducing the handling costs and not requiring excessive adaptations to exist-
ing hydrazine propulsion system architecture. These advantages would also increase the feasibility of
including dedicated propulsion systems in most small satellites in the future.



While the inclusion of novel monopropellant systems may therefore be sure to aid in-space sustainabil-
ity, it is not yet clear what their environmental impact is on Earth. Despite their description of being
"green monopropellants” in various sources, the main reasons for their adoption until now have been
the cost reductions and regulatory certainty that they facilitate, and not necessarily their potentially re-
duced environmental harm or even their reduced toxicity [8], [13]. This thesis will therefore aim to further
characterise the overall sustainability of novel monopropellant systems in comparison to conventional
hydrazine monopropellant technology. This research goal is made attainable by the recent advance-
ment of LCA methodologies and databases in the space industry, allowing for in-depth sustainability
assessments of space systems [14], [15].

The rest of this report is structured as follows. Firstly, the state of the art in monopropellant research
and sustainability assessments in the space industry is presented in Chapter 2. Following the identified
research gaps, Chapter 3 will discuss the specific research questions that the thesis aims to answer,
using the methodology formulated in Chapter 4. Chapters 5 and 6 set up the case study for which
the comparative sustainability assessment will be performed. Then, in Chapter 7, the sustainability
assessment is carried out following the fixed methodology of a life cycle sustainability assessment
(LCSA). The results of this comparative LCSA are validated and evaluated in Chapter 8, after which
Chapter 9 concludes the report with recommendations for future research.



Literature Review

2.1. Introduction

Before the research questions and methodology for this study were formulated, an in-depth literature
review was performed, which is discussed in full in a separate report [16]. The main goals of the
literature review were to gain a better understanding of the current state of art in liquid propulsion
technology, the role of sustainability within this research field, the different interpretations of "greenness”
and "sustainability” in the context of space technology, and the application of sustainability assessments
within the space industry. This chapter will provide a shortened version of the literature review, mostly
focused on the information that is used in the rest of the thesis.

An important note to preface this chapter is that the choice to focus on monopropellant systems in this
research is a deliberate one. This narrow scope is not only a necessity due to the limited research
time, but the result of a qualitative comparison between monopropellants and cryogenic and storable
bipropellants, considering the typical use cases, the availability of conventional and novel propellant
options and the key factors influencing the environmental, social and economic sustainability of the
systems. The comparison found that economic sustainability is usually the prime motivation behind
the replacement of conventional propellant options. In the case of monopropellants for example, it is
the toxicity of hydrazine and the resulting high handling costs that have led to the development of new
propellants. This will be discussed further in Section 2.2.

Furthermore, the overview identified that the introduction of potentially less environmentally harmful
propellants has been most prominent for the case of monopropellants, with various demonstrations to
date. Lastly, it was also deemed that the projected increase of small satellites in Low Earth Orbit (LEO)
may cause serious harm to the Earth and LEO environment [5]. To protect the LEO environment,
the amount of space debris introduced by each satellite must be limited, which can be achieved by
including an on-board propulsion system. Including a propulsion system in a satellite may also lead
to an increased impact on the Earth’s environment however, due to the production and pre-launch
preparations for this system. As most small satellites use either electric or monopropellant propulsion,
this presented another reason to investigate the life cycle sustainability of monopropellant systems in
this thesis.

Section 2.2 will provide a summary of the state of the artin monopropellant systems, with a special focus
on the wide range of monopropellants being proposed to replace hydrazine, being referred to as "novel”,
"green” or "non-toxic” monopropellants. To maintain a terminological clarity regarding sustainability, this
report will henceforth refer to this group of propellants as novel monopropellants. After this, an overview
will be given in Section 2.3 of the current understanding of sustainability within the space industry and
the efforts underway to assess and improve the sustainability of space systems. This overview is mostly
centred around the European industry and the application of the Life Cycle Assessment (LCA) therein.
Finally, Section 2.4 will close the chapter with concluding remarks.
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2.2. State of the art of monopropellant systems

This section gives an overview of the state of the art of monopropellant systems. Various authors
indicate that there are generally five monopropellant types with acceptable performance, namely: hy-
drazine, hydrogen peroxide-based propellants, nitrous oxide-based propellants, Energetic lonic Liquids
(EILs), broadly made up of those based on ammonium dinitramide (ADN) and hydroxylammonium ni-
trate (HAN), and water electrolysis propulsion [7], [12], [13]. These options will be discussed in Sub-
section 2.2.1. Afterwards, Subsection 2.2.2 will provide an overview of typical monopropellant system
architectures.

2.2.1. Conventional and novel monopropellants
Hydrazine

By far, the most commonly used monopropellant is hydrazine, which is defined by the chemical formula
N> H,. After being identified and further developed by NASA as a highly performant and versatile sub-
stance, it was first used as a monopropellant in space in 1966 [17]. Since then, hydrazine technology
has matured to become the standard for in-space propulsion, with numerous heritage orbital and in-
terplanetary missions proving its reliability and performance. Some prominent examples among these
are the propulsion systems for the GPS satellite constellation, the Cassini probe and the Voyager 1
and 2 spacecraft [17]-[19].

Hydrazine is valued as a propellant for several reasons: it has a relatively high density and high energy
content, it can be reliably and simply decomposed with various catalysts that do not require pre-heating,
and its end products have no carbon content, such that no soot is deposited on the combustion chamber
and nozzle walls [20]. Because most high performing aerospace materials, such as inconel, titanium
and various aluminium alloys, are compatible with hydrazine and able to withstand its moderate decom-
position temperature, designing hydrazine systems is also rather straightforward [13]. Table 2.1 gives
an overview of the most important physical properties of hydrazine.

Table 2.1: Physical properties of hydrazine, data from [21], [22]. Specific impulse (/) for a nozzle expansion ratio (¢) of 50.

Parameter Value Unit
Chemical formula NoHy -
Molecular weight 32.05 g/mol
Density at 20 °C 1010 kg/m3
Vapour pressure at 20 °C 1.4 kPa
Freezing point at 1 atm 1.5 °C
Boiling point at 1 atm 95.5 °C
Theoretical vacuum I, 225-250 s

Theoretical vacuum p - I, 225-250  g/cm®s
Adiabatic decomposition 850-1150 °C
temperature

When stored in the absence of catalytic materials, hydrazine is relatively stable and does not decom-
pose at a high rate, even when exposed to elevated temperatures. However, as one of its major
strengths, it is very reactive when it comes in contact with specific catalysts. The first catalyst that was
able to rapidly promote hydrazine decomposition at room temperature is Shell 405, which is made of
iridium (Ir) deposited on a granulated alumina (Al>,O3) support [23]. The catalyst is now produced as
S-405 in the USA (and as H-KC12GA in Europe) and still used in the majority of commercial monopro-
pellant hydrazine thrusters, even though iridium is a rare and expensive metal [23]-[25].

While using hydrazine allows for very simple, reliable and highly performing monopropellant systems,
the substance itself is more problematic. First and foremost, pure hydrazine is highly toxic and must be
handled with extreme caution. It is fatal if inhaled, toxic if swallowed and in contact with skin, causes
severe skin burns and is a suspected carcinogen [11]. In addition to these hazards, hydrazine has also
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been included in the European Chemical Agency’s (ECHA) candidate list of Substances of Very High
Concern (SVHC), as a part of the Registration, Evaluation, Authorisation and Restriction of Chemicals
(REACH) Regulation, meaning that its use within the European Union may be restricted or only partially
authorised in the future.

Handling hydrazine in a safe manner necessitates complex and strict procedures, which substantially
increase the risk, cost and duration of spacecraft fuelling. The most well-known component of hydrazine
loading procedures is probably the SCAPE suit, but this specialised piece of equipment is only one part
of the added cost and effort related to hydrazine handling. Using SCAPE suits results in limited crew
working periods, additional personnel that needs to stand by in case of emergencies and the high
toxicity of hydrazine vapours requires very costly sensors to monitor the air for vapour concentrations
[10]. The loading crew members also need to undergo regular medical checks. Hydrazine fuelling and
the subsequent decontamination of loading equipment is lengthy and resource-intensive, resulting in
hundreds of litres of contaminated water and iso-propanol alcohol (IPA) [26]. In summary, hydrazine’s
toxicity results in a multitude of issues that affect different parts of the life cycle.

Hydrogen peroxide-based propellants

Hydrogen peroxide (H20-) is a chemical with numerous applications when used at a low concentration
of 30-50%. At higher concentrations, >85%, it is often named High-Test Peroxide (HTP) and at even
higher concentrations, >95%, the terms Rocket Grade Hydrogen Peroxide (RGHP) or Rocket Grade
HTP are also used [12], [27]. Itis one of the first rocket propellants that was researched and successfully
used and saw different uses in the post-war period as well [27]. As a monopropellant, the USA used
HTP for attitude control of several early launch vehicles and satellites and in turbopump gas generators,
the latter application also being used in the Soviet Union and still in the current Russian launch vehicles
[27], [28].

However, as soon as hydrazine monopropellant systems gained maturity in the USA, most research
efforts for HTP monopropellant systems were halted [29]. The most commonly mentioned motivations
for not using hydrogen peroxide are its stability and material compatibility issues (many of which are
disputed and claimed to be outdated), the absence of a catalyst that is as reliable and durable as
Shell 405 is with hydrazine, and HTP’s lower inherent performance [13], [29], [30]. Indeed, when
used in a typically achievable concentration of 98%, HTP’s theoretical vacuum I, only equals 192 s,
a 15% decrease from hydrazine’s worst-case performance [31]. Hydrogen peroxide’s other physical
properties are shown in Table 2.2. Two notable advantages of HTP over hydrazine are its higher density
and density I, which can be valuable for volume limited applications.

Table 2.2: Physical properties of 98% hydrogen peroxide, data from [22], [31]. I, for e = 50.

Parameter Value Unit
Chemical formula HyOy -
Molecular weight 33.7 g/mol
Density at 20 °C 1440  kg/m3
Vapour pressure at 20 °C 0.21 kPa
Freezing point at 1 atm -2 °C
Boiling point at 1 atm 148 °C
Theoretical vacuum I, 190 s

Theoretical vacuum p - I, 274 g/cm3s
Adiabatic decomposition 940 oC
temperature

HTP can be used on its own as a monopropellant, by thermally or catalytically promoting its exother-
mic decomposition reaction into oxygen and water. The simplicity and non-hazardous nature of this
reaction is one of the reasons why HTP is still considered as one of the best candidates to replace
hydrazine. Since the increased awareness of hydrazine’s toxicity, starting in the 1990s, there have
been numerous research efforts aiming to improve the performance of HTP monopropellant systems.
Researchers at the tukasiewicz Institute of Aviation in Warsaw have researched the performance of
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various catalysts for HTP decomposition, and have recently started developing a full HTP monopro-
pellant propulsion system suitable for minisatellites (< 500 kg) [32]-[34]. At the Korean Advanced
Institute of Science and Technology (KAIST), various researchers have tested the performance of HTP
blended with ethanol, including various full-scale thruster tests [35]-[38].The GRASP research project,
funded by the European Commission, also led to various advances in HTP monopropellant technology,
focusing on the development of new catalysts and a 20 N thruster [21], [39].

One additional advantage of HTP is that it can be stably blended with fuels, which combust with the
superheated oxygen generated when HTP catalytically decomposes. With this additional reaction,
the combustion chamber temperature and I,, of HTP-based propellants can be increased. Several
hydrocarbons can serve as suitable blending fuels, as long as they are hydrophilic and do not make
the resulting blend too volatile or unstable. Baek et al. indicate that light alcohols are preferred as
blending fuels, given that their short carbon chain can reach complete combustion [38]. With a blend of
70% HTP and ethanol at a stoichiometric oxidiser to fuel (O/F) ratio, Baek et al. calculate a theoretical
maximum I, of 282s,thus higher than hydrazine, achieved at a combustion chamber temperature of
around 1850 °C [38]. When more highly concentrated HTP is used, both performance metrics increase
further [36].

The increased combustion chamber temperature presents a difficult trade-off for blended HTP propel-
lants: the higher the O/F ratio, the higher the I, but this comes at the price of having to use structural
and catalytic materials that are able to withstand the very high combustion temperature. Historically,
silver mesh catalysts were used to decompose HTP, but as the HTP concentration and adiabatic de-
composition temperature increase, this material is no longer suitable, due to its melting point at 962
°C [33]. Instead, metals such as platinum and iridium, or various manganese oxides, deposited on a
ceramic base such as alumina or different hexaaluminate compounds have proven to be active cata-
lysts for HTP decomposition, where little catalyst preheating is required [36], [40], [41]. However, Lee
and Kwon point out that the ~ phase alumina support, which is used in S-405 catalyst, is unsuitable as
it undergoes a phase shift at elevated temperatures, which greatly reduces its effective surface area,
thereby decreasing its catalytic activity [36]. Another issue is that the Ir catalyst can become deacti-
vated over several restarts, due to the oxidation of I and the inclusion of stabilisers in the HTP solution
[40].

Stabilisers are added to HTP solutions to prevent the slow decomposition of HTP when stored during
long periods of time. The rate at which HTP decomposes depends on various factors, from the HTP
production process to the material and shape of the storage container. In the past, this slow decom-
position and the limits it poses on the materials used in HTP propulsion systems have been used to
argue that HTP has serious storability issues [17]. However, more modern data indicates that HTP
solutions can be stored safely for a long time if the right material is used, such as various aluminium
and zirconium alloys [42].

Although hydrogen peroxide is much more environmentally benign than hydrazine, it does contain some
hazards for human health, as it is harmful if swallowed or inhaled and can also cause severe skin burns
[43]. The ECHA also indicates that hydrogen peroxide is a strong oxidising liquid, stating that it may
cause fire or explosion [43]. Even though HTP has non-negligible hazards, it is still likely to result in
much safer, cheaper, shorter and more flexible handling procedures compared to hydrazine.

Nitrous oxide-based propellants

Nitrous oxide (N, O) is another propellant that has been researched since the early days of rocketry [44].
After a period of limited interest in its use as a monopropellant, the past decade has seen an increase
in research projects from commercial and institutional organisations. The research is mainly centred
around the formulation of various Nitrous Oxide Fuel Blends (NOFBs), where liquefied nitrous oxide is
blended with different hydrocarbons, acting as the fuel combusting with nitrous oxide as the oxidiser
[12]. For example, the German Aerospace Center (DLR) has ongoing research on blends of nitrous
oxide with ethene (CyH,) or ethane (C2 Hg), under the name "Hydrocarbons mixed with Nitrous Oxide”
(HyNOXx) [45]. In a European Space Agency (ESA) funded research project, an NOFB using ethanol
was selected through a trade-off and tested for handling safety and thruster performance [46]. Finally,
another blend of nitrous oxide with a hydrocarbon was developed in the USA, by a company called
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Firestar Engineering, with the name NOFBX [12], [47]. Although very high performance is claimed
in the few papers that are written on this novel monopropellant, very little is known in general about
NOFBX and Firestar Engineering seems to have been taken over or shut down.

NOFBs are able to provide I, in the range of bipropellant systems, as the blended monopropellants
contain both fuel an oxidiser. Another benefit of NOFBs directly results from the physical properties of
nitrous oxide; due to its high vapour pressure, nitrous oxide can be used in so-called self-pressurised
systems, where the liquid propellant is contained in a tank pressurised by its own vapour, thus removing
the need for a separate pressurant gas, such as nitrogen or helium. This could result in a substantial
decrease in the propulsion system mass and complexity and also may enable in-space refuelling in the
future [48]. The physical properties for nitrous oxide are presented in Table 2.3. Note that the density
shown is for liquid nitrous oxide, which will only be present in the propellant tank if the internal pressure
equals or exceeds the saturated vapour pressure of 52 bar. Due to the low density, the density specific
impulse is also quite low compared to other monopropellants, making nitrous oxide or NOFBs less
suitable for volume-limited applications.

Table 2.3: Physical properties of nitrous oxide, data from [12], [22]. I, for e = 200.

Parameter Value Unit
Chemical formula N>O -
Molecular weight 44.01 g/mol
Liquid phase density at 20 °C 745 kg/m3
Vapour pressure at 20 °C' 5000 kPa
Freezing point at 1 atm -91 °C
Boiling point at 1 atm -88 °C
Theoretical vacuum I, 206 s
Theoretical vacuum p - I, 154 g/em3s
Adiabatic decomposition 1640 °C
temperature

The performance of the different NOFBs is presented in Table 2.4. Although the various thruster tests or
simulations determining I, performance were conducted for different combustion chamber pressures,
the table is meant to give an indication of the attainable performance of NOFBs. Each of the fuel blends
presents superior I, than any of the other novel monopropellants in the HTP and EIL categories, which
make NOFBs such an interesting option. However, due to the lower density, the density specific impulse
is not as impressive. The high combustion temperature of the NOFBs also requires very specific design
adjustments to the thrust chamber. Werling et al. report that the current DLR test thruster uses heat
sink cooling with a copper alloy chamber structure, while Mayer et al. indicate that active cooling will
be required when operating a full-scale NOFB thruster and Taylor describes that regenerative cooling
was already implemented in NOFBX thruster tests [45]-[47].

Table 2.4: Performance parameters for various Nitrous Oxide Fuel Blends, data from [12]

Parameter N>O HyNOx (ethene) N>O/Ethanol NOFBX Unit
Density at 20 °C 745 879 892 700 kg/m?
Theoretical vacuum I, 206 303 331 350 s
Theoretical vacuum p - I, 154 266 295 245 g/em3s

Maximum flame

1640 2991 2820 2927 °C
temperature

Although N>O decomposition can be activated by Ir/Al,O5 catalysts such as S-405, the high decom-
position temperature makes it so that the catalyst is deactivated after several restarts, creating issues
similar to those found for HTP blended monopropellants [44]. This could be solved by using mixed
metal oxide catalysts, as researched by Wallbank et al., but in general, especially for the NOFBs, ex-
ternal igniters are used in the various research efforts. For the HyNOXx systems, spark plug and torch
ignition using gaseous H, and O- have been tested and the NOFBX thrusters used spark plug ignition
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[45], [47]. Another difficulty posed by the combustion of NOFBs is the possibility of flame flashback,
due to the high vapour pressure and explosive nature of N,O. To prevent this from happening, flash-
back arresters may be used, which introduce a certain flow resistance and thus quench the flame by
reducing the pressure of the flame front travelling upstream [45].

Nitrous oxide is practically completely non-toxic. However, due to its very high vapour pressure it is
a powerful asphyxiant, such that long periods of exposure may lead to a person feeling dizzy, losing
consciousness and suffocating in the worst case [49]. Furthermore, the ECHA classification notes
that nitrous oxide’s strongly oxidising nature may cause or intensify fires. As it is usually stored in high
pressure containers, the exposure to increased temperature may also lead to explosions. The historical
use of nitrous oxide for propulsion applications also shows that the propellant holds significant dangers.
During a testing activity of the Scaled Composites SpaceShipTwo in 2007, a large nitrous oxide tank
exploded, killing three people [50]. Werling et al. also note that a further development project based
on NOFBX, which was supported by the US Defense Advanced Research Projects Agency (DARPA),
was cancelled due to explosions during ground tests [45].

EILs: Ammonium dinitramide-based propellants

Ammonium dinitramide (ADN, [N H4]*[N(NO3)2] ™) is a salt that was initially formulated in the 1960s in
the USSR as a smokeless solid propellant oxidiser, for use in ballistic missiles and later re-invented in
the USA in the late 1980s [21]. Its potential as a solid oxidiser was also identified by the Swedish
Defence Research Agency (FOI). In 1995, the Swedish National Space Board started funding the
development of novel monopropellants to replace hydrazine. In the project, the Swedish company
ECAPS invented the LMP-103S monopropellant and the related "High-Performing Green Propellant”
(HPGP) thruster technology, now developing models with thrust levels between 100 m /N and 200 N.
This novel monopropellant was flight-proven with a 1 N thruster on the ESA PRISMA mission and has
since then been used on a number of commercial Earth observation satellites in the SkySat constellation
[51]. The modern method to produce ADN is patented by the Swedish government and the Swedish
company EURENCO Bofors is currently the only licensed ADN supplier in the world [21].

LMP-103S is an aqueous solution (13.95% H,0) of the oxidiser ADN (63.00%), methanol (18.40%)
used as a fuel and ammonia (4.65%) as a stabiliser. The inclusion of methanol in this propellant in-
creases the volatility of the substance, which is undesirable for storage and safety concerns. As such,
FOI continued the development of ADN-based monopropellants and formulated a less volatile propel-
lant named FLP-106, composed of water, ADN and monomethylformamide (MMF) [52]. The main
physical properties for both propellants are given in Table 2.5. Note that instead of a freezing tempera-
ture, the precipitation temperature is given, which indicates the point when the dissolved salt particles
form a solid precipitate. It is clear that the I, of both novel monopropellants exceeds that of hydrazine.
Due to their higher density, the p - I, is also much greater than that of hydrazine.

Table 2.5: Physical properties of ADN-based propellants LMP-103S and FLP-106, data from [21], [52], [53]. Isp for € = 40.

Parameter LMP-103S FLP-106 Unit
Ao90WaSE 23,90 water,
Chemical composition ' ’ 64.60 ADN, wt%
18.40 methanol,
. 11.50 MMF
4.65 ammonia
Molecular weight 87.36 91.24 g/mol
Density at 25 °C 1238 1357 kg/m3
Vapour pressure at 25°C 13.6 <2.1 kPa
Precipitation temperature at 7 0 °C
1 atm
Boiling point at 1 atm 120 ? °C
Theoretical vacuum I, 254 258 s
Theoretical vacuum p - I, 314 350 g/em3s
Maximum flame 1645 1904 °C

temperature




2.2. State of the art of monopropellant systems 9

The HPGP thrusters developed by ECAPS operate by decomposing LMP-103S on a patented high
temperature resistant catalyst bed, which uses a hexaaluminate support, since gamma-phase alumina
and iridium (as used in S-405) are not suitable for the high combustion temperatures of ADN-based
propellants [26]. This catalyst bed needs to be preheated to 340-360 °C' to operate nominally, which is
seen as a disadvantage when compared to hydrazine’s catalytic decomposition with S-405, which can
take place without preheating. The high combustion temperature of the ADN-based monopropellants
not only affects the catalysts that can be used, but also the thruster’s structural material. To with-
stand the high temperature, the ECAPS thrust chamber assembly uses a wall composed of rhenium
(Re) and iridium (Ir), two rare metals with very high melting temperatures [51]. These thrust chamber
assemblies are manufactured through an electroforming process named "EL-Form”, patented by the
American company Plasma Processes [54]. To eliminate the need of using these refractory metals,
which complicate manufacturing processes, ECAPS has also developed a variant of LMP-103S with
a lower combustion temperature and I,,,, while still outperforming hydrazine in terms of p - I,,. This
"Green Propulsion” (GP) technology has not yet been flight proven, however [55]. Regarding general
material compatibility, Freudenmann and Ciezki indicate that the ADN-based monopropellants are in-
compatible with copper and copper alloys, but generally compatible with other materials typically used
with hydrazine, such as inconel and the Ti-6Al-4V titanium alloy [56].

The hazards related to LMP-103S are disclosed in a safety data sheet published by EURENCO Bofors
and indicate that the propellant is harmful when swallowed, inhaled or in contact with skin [57]. The data
sheet also indicates that LMP-103S contains fire and projection hazards. It is also relevant to consider
the health hazards related to the separate components of the ADN-based propellants: although these
substances will not easily exit the mixture, to be inhaled or ingested in a pure form, the separate health
hazards are relevant for the production phase of the monopropellant. The most harmful substances in
the ADN-based ElLs are probably methanol and MMF. For methanol, the ECHA classification indicates
that it is toxic via oral, dermal and inhaled contact and may damage the optic nerve and central nervous
system [58]. MMF, on the other hand, is harmful in contact with skin, causes serious eye irritation and
may damage fertility or the unborn child [59]. ADN by itself is less toxic: it is a flammable and explosive
solid, is harmful if swallowed and may damage the stomach if orally ingested [60].

Through the PRISMA and SkySat launch campaigns and a dedicated loading demonstration at the
NASA Wallops Flight Facility, LMP-103S has been qualified for range safety and loading operations at
most major launch sites across the world, from Kourou to Vandenberg, Chennai and Baikonour [51],
[61]. These campaigns have shown that standard personal protective gear, such as chemically resistant
gloves, splash resistant clean room suits and safety glasses, is sufficient when loading the propellant
[62]. These simplified loading requirements led to a cost reduction between 66 and 73% compared to
hydrazine loading and an order of magnitude reduction in the amount of contaminated wastewater [26],
[61]. Additionally, LMP-103S has received a United Nations (UN) certification 1.4S, so that it can be
transported as air cargo in a specified container, leading to more affordable and flexible transportation
procedure [62].

ElLs: Hydroxylammonium nitrate-based propellants

Hydroxylammonium nitrate (HAN, [N H3;OH|]"[NOs]~) is another salt that has seen an increased re-
search and development interest in the field of monopropellants in the past three decades. In the USA,
research by the Army on propellants for artillery guns led to the formulation of several HAN-based
monopropellants in the 1990s, each of which dissolved HAN in an aqueous solution with different hy-
drocarbon nitrates [63]. The potential of these propellants for small satellite applications was identified
by NASA and in an effort to replace hydrazine for this mission type, further development of HAN-based
monopropellants was funded. In 1998, the US Air Force Research Lab (AFRL) formulated AF-M315E,
which is a blend of HAN, water and a fuel which is only described as "highly hygroscopic” in publications
by Aerojet and NASA employees [64]. However, a recent publication by Chai et al. states that this fuel
is hydroxylethylhydrazinum nitrate (HEHN) [65]. This is also confirmed by a patent filed to develop
catalysts for use with HAN-based propellants [66].

To increase the maturity of the AF-M315E monopropellant technology, Aerojet developed new 1 and
22 N thrusters, named GR-1 and GR-22, the former of which was demonstrated in space during the
NASA Green Propellant Infusion Mission (GPIM) [67]. Since then, AF-M315E has been renamed as
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"ASCENT” and has become commercially available, such that other companies now also produce AS-
CENT thrusters for miniaturised propulsion (in the order of 100 m /) [65]. A NASA CubeSat mission,
named Lunar Flashlight, was meant to investigate the presence of water on the Moon and be the first
demonstration of novel monopropellant technology on an interplanetary CubeSat [68]. However, since
its launch in December 2022, three out of the four 100 m /N thrusters are underperforming, due to a
suspected blockage in the propellant lines [69].

The Japanese space agency JAXA has supported the development of another HAN-based monopro-
pellant since 2000. This propellant is called SHP163 and is made up of HAN, methanol, water and
ammonium nitrate (AN) [70]. The performance of SHP163 has been flight-proven with a 1 N thruster
in the Green Propellant Reaction Control System (GPRCS) on the JAXA RAPIS-1 satellite and tests
with 20 N thrusters have also been performed on ground [70], [71]. There are other ionic liquid mono-
propellants using HAN, such as the High-performance Non-detonating Propellant (HNP) family, which
substantially reduces the combustion temperature, or the Green Electric Monopropellant (GEM), de-
veloped by the American company Digital Solid-State Propulsion, which has an even higher I, than
ASCENT or SHP163 [12]. However, these monopropellants are at a less advanced state than ASCENT
and SHP163 and have not yet been flight qualified. As such, the further discussion will only consider
ASCENT and SHP163 as HAN-based monopropellants.

Table 2.6 shows the main physical properties of the two HAN-based monopropellants. The I, of both
options provides a substantial improvement with respect to hydrazine, but this comes at the expense
of a very high combustion temperature. Furthermore, because it is a fully ionic liquid, Spores et al.
indicate that ASCENT has no real freezing point: it rather becomes much more viscous after a glass
transition point [67]. No data could be found regarding the boiling point of the propellants.

Table 2.6: Physical properties of HAN-based propellants ASCENT (AF-M315E) and SHP163, data from [12], [66]. s, for

€ = 100.

Parameter ASCENT SHP163 Unit

11 water 6.2 water,
Chemical composition 44.5 HAN, 75.6 HAN, wt%

44 5 HEHN 16.3 methanol,

' 3.9 AN

Molecular weight 106.62 80.15 g/mol
Density at 20°C 1470 1400 kg/m?
Vapour pressure at 25 °C 1.4 ? kPa
Freezing temperature at <80 <30 °C
1 atm
Boiling point at 1 atm ? ? °C
Theoretical vacuum I, 260-270 276 s
Theoretical vacuum p - I, ~390 386 g/cm3s
Maximum flame 1893 2128 oC

temperature

The decomposition of the HAN-based monopropellants is activated by preheated catalyst beds, similar
to the ADN monopropellant technology. Iridium coated alumina, available commercially as S-405, has
shown to be an active catalyst for HAN, but once again it has been reported that this catalyst rapidly
loses its activity over extended operation periods [65]. Little is known about the LCH-240 catalyst used
in the GPIM thrusters, as this technology is patented [67].

Regarding material compatibility, HAN starts to decompose when in contact with iron or copper parti-
cles [56]. Therefore, any alloy containing these metals is unsuitable as a tank material, whereas the
popular Ti-6Al-4V alloy is suitable. At the other end of the propulsion system, the HAN-monopropellant
thrusters are designed to deal with the high combustion temperature. The Aerojet GR thrusters use a
similar combustion chamber as the ECAPS thrusters, made up of electroformed rhenium and iridium,
separated from the flow control valve section via a thermal stand-off structure [67]. Another way of



2.2. State of the art of monopropellant systems 1

dealing with the high combustion temperature is to use a thicker combustion chamber wall structure,
which seems to have been implemented in the Japanese GPRCS thruster [70].

One of the main advantages of the HAN-based monopropellants is their reduced toxicity. Because
ASCENT uses ionic liquids exclusively, its vapour pressure is negligible, which allows for open container
handling without respiratory masks [64]. Furthermore, its viscosity is much higher than that of hydrazine,
meaning that a leak or crack in the propulsion system will not result in a very large spillage of propellant.
Nonetheless, ASCENT does pose severe hazards to human health if handled improperly, as it is toxic
when inhaled, swallowed or in contact with skin, and may cause genetic defects if swallowed [72].
Additionally, ASCENT is classified as an explosive liquid (UN classification 1.4C). According to the
safety data of SHP163 presented by Hori et al., this propellant is less toxic than ASCENT, as the
oral and dermal toxicity are qualified as "Harmful” and not "Toxic” [70]. Considering the toxicity of the
separate components in the HAN-based monopropellants, HAN is harmful if swallowed and toxic when
in contact with skin, and it is a suspected carcinogen [73]. In addition, the ECHA notifies that HAN is
an explosive with a mass explosion hazard.

A quantification of the loading costs saved by using HAN-based monopropellants as opposed to hy-
drazine has not yet been performed. However, Masse et al. indicate that per NASA safety regulations,
the leakage of ASCENT is not considered to be a catastrophic failure, meaning that a single fault tol-
erance is allowed for handling procedures [64]. This leads to a great reduction in the complexity and
cost of loading equipment and procedures: according to Masse et al., this could save tens of millions
of US dollars for large interplanetary missions [64].

Water electrolysis

The final novel monopropellant technology uses liquid water as the carrier of both oxidiser (O3) and fuel
(H>). The working principle is as follows, as explained by Gotzig [7]. Water is stored in liquid phase in
a low pressure vessel, before it is fed to a electrolyser, splitting it into gaseous hydrogen and oxygen,
which are then stored in separate high pressure tanks. The thruster then effectuates a bipropellant
combustion of gaseous H, with gaseous O, such that theoretical I,, values of up to 330 s may be
achieved [74].

To date, only one water electrolysis propulsion system has been demonstrated in flight, namely on
the NASA Pathfinder Technology Demonstrator CubeSat mission. For this application, the American
company Tethers Unlimited developed the HYDROS-C propulsion system, demonstrating a maximum
thrust of 2 V and an I, of 241 s in orbit, with an initial gaseous tank pressure of around 6.90 bar [75].
Researchers at the University of Stuttgart and ArianeGroup are developing a similar propulsion system
[74]. Through funding of the DLR and ESA, ArianeGroup has developed and tested an integrated
electrolyser/thruster model on ground, and plans to launch a technology demonstrator in 2026.

The physical and performance parameters of water are shown in Table 2.7. Note that the performance
is shown for an O/F ratio of 8, as this is the stoichiometric ratio by which O, and H, are generated
through the electrolysis of water [76]. A consequence of such an oxygen-rich propellant mix is the
very high combustion temperature. This necessitates the use of film cooling, which is incorporated in
the ArianeGroup thruster design [76]. There are various options to ignite gaseous oxygen/hydrogen
combustion: next to catalytic ignition, spark and glow plugs are also common options for conventional
LOX/LH bipropellant systems. Hwang et al. produced platinum coated monolithic catalysts made
with a porous ceramic support and achieved acceptable ignition delay times, but also noted that the
reactivity decreased due to catalyst deactivation [77].

Using water as a propellant has a great amount of advantages. Firstly, as it is completely non-toxic and
environmentally benign, there are practically no safety issues during ground handling, which removes
many costly precautions and allows for new handling and transport concepts and improved flexibility.
Secondly, water is suspected to be present on various celestial bodies in the Solar system, which
makes in-situ resource utilisation an interesting concept to extend the lifetime of spacecraft using water
electrolysis propulsion [75]. Thirdly, the generation of gaseous H> and O, could be used synergistically
with other subsystems: the former in hydrogen fuel cells and the latter in life support systems for crewed
spaceflight [77]. Lastly, the performance that water electrolysis propulsion achieves at a low power
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Table 2.7: Physical properties of water, data from [76], [78]. Is, for e = 2.3 and O/F = 8.

Parameter Value Unit
Chemical formula H,0O -
Molecular weight 18.02  g/moal
Density at 20 °C 998.21 kg/m?
Vapour pressure at 20 °C 2.33 kPa
Freezing point at 1 atm 0 °C
Boiling point at 1 atm 100 °C
Theoretical vacuum I, (9H2/gO2 comb.) 325 s

Theoretical vacuum p - I, (9H2/gO2 comb.) 324.42 g/cm3s
Adiabatic combustion o
temperature (g H2/gO2 comb.) 2977 ¢

makes it more efficient than other electric propulsion technologies, while still exceeding the I, of most
other monopropellant options, without including an explosive or toxic substances.

The main issues that currently limit the application of water electrolysis propulsion are the fact that
its feasibility on a larger scale has not yet been tested. Scaling up the technology would probably
lead to more challenging thermal management issues, necessitating a more complex active cooling
system. Furthermore, if the chamber pressure should increase, the electrolysis and storage of the
gases may also become more challenging. Another limitation of water electrolysis propulsion is that its
performance depends strongly on the amount of gas that has been generated and stored, as chamber
pressure drops off while the tank is emptied.

2.2.2. Typical monopropellant system architectures

Next to the propellant, the choice of the top-level system architecture is probably the design decision
that has the largest impact on the propulsion system’s performance and sustainability. One can cat-
egorise different monopropellant system architectures based on the manner by which the propellant
is driven out of the storage tank. Two broad categories exist: pressure-fed systems and pump-fed
systems.

Pressure-fed systems

Most commonly, a pressurised gas (the pressurant) is used to drive the propellant out of the tank to the
thrusters, once the appropriate valves are opened. If the thruster performance is allowed to decrease
over time, a so-called blow-down system can be used, in which the total amount of pressurant is stored
in the propellant tank, where it expands and loses its initial pressure over the operational life. These
systems are simple and robust, but have the disadvantage of a decreasing thrust level over the system
lifetime.

Figure 2.1 shows the blow-down monopropellant system architecture used in the PRISMA mission,
which was the first in-space use of the novel monopropellant LMP-103S [62]. Starting at the top, the
system features a pressurant service valve to initially fill the pressurant side during the propellant load-
ing procedure. This specific system uses gaseous Helium (GHe) as a pressurant. To ensure that the
propellant is always located at the outlet of the tank, use is made of either a diaphragm, propellant
management devices (PMDs) or a combination of both. Diaphragms can be made out of elastomers
or metallic materials, the latter option resulting in a rolling diaphragm tank with superior sealing [79].
When an elastomeric diaphragm is used, special attention is required to ensure that the propellant is
compatible with the diaphragm. In the case of the PRISMA system shown in Figure 2.1, a diaphragm
using a new synthetic rubber, named SIFA-35, was qualified, as the standard diaphragm material used
with hydrazine, AF-E-332, was not compatible with LMP-103S due to its silica content [80]. As an al-
ternative to using a diaphragm spanning across the tank, a bladder tank uses an elastomeric bag fully
encapsulating the propellant within the metallic tank shell, which is then emptied due to the pressure
difference with the pressurant outside the bladder. Propellant management devices, on the other hand,
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make use of the physical phenomena of adhesion and surface tension to contain the propellant within
a desired volume in the tank when operating in a zero-gravity environment. Metallic vanes, sponges
and other structures are used in this case to attract and "trap” liquid propellant and direct it towards the
outlet port.

Continuing along the propellant path in Figure 2.1, an orifice just downstream of the propellant tank
is added to set the pressure and mass flow for the rest of the system. Next, the propellant service
valve allows for the propellant side of the tank to be filled and emptied. A pressure transducer is
present to monitor the propellant pressure in the lines, as well as a filter, to prevent any solid particles
from entering the thruster assembly. The latch valve included just downstream of the filter acts as
an isolation valve, to ensure that no propellant inadvertently reaches the thruster assembly. Finally,
the thruster assembly may contain one or more thrusters, depending on the application, which each
feature their own set of valves for redundant safety and thrust control. In the architecture shown in
Figure 2.1, each thruster has a double seat flow control valve (FCV), which is a normally closed, series
redundant solenoid valve to modify the mass flow and thrust delivered by the system [62]. In total, the
system is thus double fault tolerant, meaning that if two valve seats open by accident, a third valve still
needs to be activated to allow propellant flow to the thruster. This is especially crucial for hydrazine,
as exposure to unprotected ground crew is catastrophic, with the additional danger that the propellant
decomposes on a cold catalyst. For less toxic and reactive propellants, single fault tolerant systems
may be safe enough, which would lead to substantial cost and schedule savings [9]. However, this
system simplification also needs to be qualified with respect to the relevant regulations.

Pressurant Service
Valve

Propellant Service Orifice

Ive
Rt & O Pressure

Transducer

Filter
Latch Valve

Thrusters

Figure 2.1: Schematic of a blow-down monopropellant system, from [62]

An alternative to the blow-down architecture is a self-pressurised system, where propellants with a
high vapour pressure may be employed to maintain a phase equilibrium within the tank, such that the
portion of propellant in the gaseous phase acts as a pressurant. As mentioned above, this is one of the
advantages of the nitrous oxide-based propellants. While self-pressurisation reduces the total mass
and complexity of the propulsion system and the complexity of the loading procedures, it also has some
drawbacks and hazards that should be accounted for, such as temperature dependent tank pressure
peaks and the non-linearly decreasing tank pressure over time [48].

If a constant tank pressure, and thus constant maximum delivered thrust, is desired throughout the
system lifetime, a constant pressurant pressure is required. This is achieved in a pressure regulated
system, where the pressurant is stored in a separate tank and fed to the propellant tank at a con-
stant pressure using a pressure regulating device. This typically results in a larger, heavier and more
complex system. Figure 2.2 shows a schematic of this architecture type. In this case, four propellant
tanks are used due to system integration considerations. Furthermore, as the system uses the novel
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monopropellant FLP-106, single fault tolerance is implemented, such that only two valves are placed
between the tanks and the thruster. In the architecture of Figure 2.2, gaseous nitrogen (GN2) is stored
in a tank for which the pressure is monitored with a pressure transducer (the icon with a P inside a circle)
and then reduced with the pressure regulator before entering the propellant tanks. As in the blow-down
architecture of Figure 2.1, various filters and valves throughout the system ensure that uncontaminated
propellant or pressurant only leaves the respective tanks if the appropriate control signal is provided.

Bd service port

@ Normally closed valve

= X)) Latching solenoid valve

Dy Pressure regulator

%
fe || Fe || R || FLp S
106 106 106 106
B4 Thruster valve & injector

Q Thruster

Figure 2.2: Schematic of a pressure regulated monopropellant system, from [81]

Pump-fed systems

Instead of using a pressurant gas to "push” the propellant out of a pressurised tank, a pump can instead
be used to "pull” the propellant towards the thruster. One of the advantages of a pump-fed system is
that the propellant does not need to be stored at high pressure, as the pump will increase the pressure
of the fluid before entering the thruster assembly. This means that the propellant tank does not need
to be designed as a pressure vessel, which reduces structural weight and provides more design free-
dom. This may be useful for certain nano-satellites, specifically the popular CubeSat standard, where a
cuboid tank is more space-efficient than a cylindrical tank. In the Georgia Tech/NASA Lunar Flashlight
Mission, a 6U CubeSat uses a cuboid tank in conjunction with a micropump which directs and pres-
surises the propellant into the thrusters [68]. The schematised architecture is shown in Figure 2.3. Note
that the diagram shows a circular shape for the propellant tank, while it is actually a cuboid volume.

To maintain a sufficient tank pressure for the proper operation of the micropump, a small ullage volume
of gaseous nitrogen is included in the AF-M315E propellant tank [83]. Furthermore, as the diagram
indicates, vanes at the bottom of the tank serve as a propellant management device, ensuring that the
liquid propellant is collected at the tank opening. Once again, single fault redundancy is implemented
in the system. In this case, a solenoid propellant isolation valve must be opened before the propellant
can flow through the orifice and micro-pump and then through each of the four single seat flow control
valves to the thrusters.

For large liquid propulsion systems, pumps are usually complex and highly performing components, as
the large propellant mass flow must be brought to chamber pressures of 100 bar and higher [84, p.365].
The pump shaft power is then typically provided by a gas turbine, which is driven by a portion of the fuel
mass flow, or by the end products of a separate gas generator. However, in the case of miniaturised
propulsion systems such as the one used in the Lunar Flashlight satellite, electric power is sufficient to
drive the pump [83]. This reduces the complexity, risk and size of the pump, allowing its use for simple
monopropellant systems, but it does place an additional burden on the total power budget.



2.3. Sustainability and space engineering 15

Micro-pump

]

Figure 2.3: Schematic of a pump-fed monopropellant system, from [82]

2.3. Sustainability and space engineering

In this section, a brief overview will be presented of the current discourse regarding sustainability and
green technology within space propulsion research and the space industry as a whole. This topic has
gained importance in the past years, especially due to the activities of the European Space Agency
(ESA) in its Clean Space initiative, which was founded in 2012 [85]. Subsection 2.3.1 will first delve
into the history and definition of sustainability and greenness, to provide context for the way in which
these terms are used in relation to novel monopropellants. This discussion is especially relevant as it
does not yet appear as though there is a consensus on this terminology within novel monopropellant
literature. After this, the state of the art in sustainability assessments in the space industry is discussed
in Subsection 2.3.2, mainly focusing on the adoption of the LCA methodology. An important goal of this
section is to highlight the different meanings of sustainability in novel monopropellant research and in
the emerging field of ecodesign and LCA within the space sector.

2.3.1. Defining sustainability and greenness

While the term "sustainability” has become more popular in the past years, it is rooted in a long history
which arguably started centuries ago, before being categorised as related to "sustainable development”
in the late 1960s and early 1970s. In a comprehensive review article on the discourse of sustainability
and sustainable development, Purvis et al. point to the famous publication of "The Limits to Growth”, a
report commissioned by the Club of Rome in 1972, as the first time that the terminology of sustainability
was used in the modern understanding of the concept [86]. "The Limits to Growth” was a very influential
report, as it was the first to present the inherent issues related to (unsustainable) economic growth,
which does not take into account environmental aspects such as resource depletion, global warming,
and other damage to ecosystems [87]. After its publication, a large movement adopted its main idea,
questioning the centrality of economic growth in the forms of capitalism which were emerging in the
post-war "development” of the world that was supported by European and American powers. This
movement was made up of various political and academic actors, under the broad call for sustainability
or sustainable development.

However, the fact that various groups with different motives jointly shaped what "sustainability” means,
has turned sustainability into a somewhat vague term. One definition that is accepted in a multitude of
academic and professional fields, is that proposed by the UN Brundtland Commission, which published
their report "Our Common Future” in 1987. Sustainable development was defined by the commission
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as “meeting the needs and aspirations of the present generation without compromising the ability of
future generations to meet their needs” [88]. This definition also contains the triple pillar character of
sustainability, namely that a solution can only be truly sustainable if it is able to combine economic,
environmental and social concerns, as represented by the diagram in Figure 2.4. Developing a sus-
tainable technology thus necessitates an understanding of its impact on the economic, environmental
and social frame in which it operates. The idea of triple pillar sustainability is also contained within
the 17 UN Sustainable Development Goals (SDGs), where concrete goals are set out for companies
or countries to strive towards, in an effort to tackle current social, economic and environmental issues
[89].

Sustainable

Environmental

Figure 2.4: Triple circle representation of sustainability

Interestingly, in the context of novel monopropellants, the adjective "green” is used much more often
than "sustainable”. However, the definition of "greenness” in this context is not entirely clear either. Col-
loquially, green technologies refer to developments with a reduced environmental impact, but Carlotti
and Maggi find that the meaning of "green” in the context of "green propulsion” is probably best encapsu-
lated by the broad field of Green Chemistry [22]. This scientific approach towards chemical processing
was devised by Paul Anastas in the early 1990s and defined as: "the design of chemical products and
processes that reduce or eliminate the use and generation of hazardous substances”, clearly being
relevant for the case of conventional monopropellants [90]. Notably, Anastas and Lankey mention
that Green Chemistry is "economically driven rather than economically draining”, indicating that Green
Chemistry is seen as a synergy between environmental and economic sustainability [91]. Reducing
the toxicity and danger of chemicals being used in industry can also have important social benefits,
however, related to worker well-being and the reduced risk of polluting shared natural resources such
as potable water.

While the terms "green” and "non-toxic” are most often used when discussing potential replacements
for hydrazine, Marshall and Deans consider this to be misleading, as novel monopropellants are nei-
ther inherently environmentally benign nor completely non-toxic [8]. Furthermore, most researchers
consider the greatest advantages of novel monopropellants not to be their reduced toxicity per se, but
rather the potential reduction in propellant handling and fuelling costs, and the increase in performance
[10], [13]. This is also the reason why the EIL novel monopropellants are seen as the most promising
replacements for hydrazine; a reduced loading cost has been demonstrated and their I, exceeds that
of hydrazine, enabling increased mission performance. This consideration may indicate that most novel
monopropellant research has not been in search of a more environmentally or socially sustainable type
of space propulsion, but a more economically sustainable one, as the life cycle cost of hydrazine has
become overly inhibitory towards newer, smaller and commercial satellites.

2.3.2. Sustainability assessments in space engineering

More or less separately from the increased interest in novel monopropellants, there has been a growing
notion within the space industry, primarily in Europe, that sustainability should have a more central
role within the future of spaceflight. The quote "If you love space, you love clean space”, by former
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Director General of ESA Jean-Jacques Dordain at the 2023 ESA Clean Space Industry Days, very
nicely expresses the sentiment that there will be no future of spaceflight unless it is a "clean” one,
adding another term to the ambiguous dictionary of sustainability. Still, this sentiment brings up a valid
point, for a variety of reasons. Firstly, the increasing issue of space debris makes it more risky and
expensive, and potentially impossible in the future, to launch new satellites into useful orbits, primarily
in LEO. Secondly, there are also economic incentives to improve the sustainable use of resources within
the space sector, for example related to reusable launch vehicles or in-orbit servicing [92]. Lastly, as for
any industry, the space industry will have to reduce its environmental impact in the coming decades in
order to play its part in averting an impending climate catastrophe due to global warming. As proposed
future space projects would greatly increase the frequency of launches, it is especially relevant now to
assess and minimise the environmental damage that these activities would induce, before it is too late

[5].

With these issues in mind, ESA formally created its Clean Space initiative in 2012, after an initial project,
named Ecosat, performed an LCA for a conceptual satellite in 2009 [85]. The Clean Space office has
three focal areas: Management of end of life, In-orbit servicing and Ecodesign. Whereas the first two
mostly relate to in-space sustainability, minimising space debris, facilitating in-orbit recycling and safe
re-entry, the Ecodesign branch is concerned more with reducing the life cycle impact of space activities
on the Earth’s environment. ESA has been on the forefront of the emergent field of space sustainability,
supporting missions such as ClearSpace-1, which aims to become the first satellite to actively remove
space debris, and new companies such as MaiaSpace, striving to develop more sustainable launch
vehicles [93], [94]. The annual Clean Space Industry days are another initiative through which the
Clean Space office has continually promoted and coordinated the inclusion of sustainability within the
European space sector.

Application of life cycle assessment in the space industry

When it comes to the assessment of sustainability, one of the Clean Space office’s main goals has also
been to promote and over time require the application of environmental LCAs (E-LCAs) within European
space activities. The choice to specifically choose the LCA method as a way to quantitatively estimate
the environmental impact of specific activities is not at all arbitrary, as it has been developed since the
1990s and been adopted in various other industries [95]. Standardised in ISO 14040:2006, the LCA
method has several key benefits due to its comprehensive and well-structured nature [96], [97]. While
the method will be described in more detail in Chapter 4, a brief overview is given here of the most
important characteristics of an LCA.

Firstly, the LCA method emphasises a clear definition of the system boundaries, ensuring that the LCA
practitioner and anyone interpreting the results clearly understands what falls inside the scope of the
study. Within these boundaries, the included life cycle phases must also be specified, desirably be-
ing as complete as possible, but certainly indicating whether the assessment considers the activity or
product from the point of raw material extraction to the start of its use (cradle-to-gate), to its disposal
(cradle-to-grave) or potential recycling (cradle-to-cradle). For the product being studied in the LCA, it
is thus required to have a clear overview of the various processes involved in its life cycle, with the
material inputs and outputs being listed in the life cycle inventory (LCI). This insight into a product’s life
cycle can also provide benefits outside of quantifying its environmental impact, as it may identify poten-
tial development improvements or sensitive areas within the supply chain [98]. In the end, an E-LCA
assesses the product’s environmental impact based on a multitude of impact categories covering vari-
ous environmental issues, such as acidification, climate change, eutrophication or resource depletion.
The inclusion of a product’s entire life cycle and of a variety of environmental impact categories are
two key advantages of the LCA method when compared to other environmental impact assessment
methodologies, primarily because it solves the issue of burden shifting [97]. Burden shifting occurs
when a specific environmental issue in a product’s life cycle is seemingly solved by a design or pro-
cess change, while it actually leads to an increased impact in another life cycle phase or environmental
impact category. This cannot occur unnoticed in a proper LCA, however.

Since the first application of the LCA method for a space system with the Ecosat project, ESA Clean
Space has taken up the task of adjusting and harmonising the application of environmental LCA for
space technologies. Because the space industry differs from other industries with regards to typical
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system life cycles, the length of system development, the geographic spread of various actors within
the life cycle, and the eventual disposal of the system, an ESA handbook has been published providing
guidelines for space LCA practitioners to deal with these differences [99]. Additionally, space systems
often use very specific materials or processes, making the use of standard LCA databases less reliable
[98]. As primary data collection (i.e. directly from the sources that the LCA is studying) is quite challeng-
ing in the space industry, ESA has therefore also created an LCA database that can be requested freely
by anyone with a valid license to the LCA database ecoinvent, which is a popular database containing
a great number of high-quality datasets for processes in a variety of industries, such as the electricity,
transport and metal industries [100], [101]. The requirement for a valid ecoinvent license comes from
the fact that the ESA LCA database uses ecoinvent datasets to model various upstream processes.

The open call from ESA towards academia and industry to perform E-LCAs to validate and add new data
in the ESA LCA database has indeed resulted in a growth in the space LCA literature [4]. Many of these
studies have been performed in collaboration with ESA, but some studies have also been performed
in the USA, primarily investigating the environmental impact of launch vehicles [102], [103]. Among
the LCA studies performed in Europe, a large part is not publicly available, but both review papers
and the ESA LCA database itself indicate that most research has gone into LCAs of materials and
propellants [4]. Larger scale LCA studies have also been performed for the Ariane 5 launch vehicle,
with LCA findings being actively used during the development of Ariane 6 as well [104], [105]. In
his master’s thesis, Schabedoth has provided a comparative LCA of launch vehicles using different
propellant options [106]. In-depth LCAs have also been performed for the Proba V and Sentinel 3B
ESA missions, resulting in ecodesign options that may be applied to reduce the environmental impact of
future satellites [107]. In many of the studies referenced here, the main difficulties are similar, relating
to achieving an accurate representation of system life cycles within the complex space sector and
obtaining primary data from industrial actors [108].

Life cycle sustainability assessment: the next step in space sustainability?

The efforts to assess and include sustainability in the space industry discussed so far have only focused
on the environmental impact of space activities and technologies. However, as indicated by the triple-
pillar understanding of sustainability, schematised in Figure 2.4, sustainability entails more than just
the protecting the natural environment. If the economic and social dimensions of sustainability are
not included when analysing space systems, one runs the risk of burden shifting in the sense that the
mitigation of an environmental impact may result in an unbearable social or economic cost. Within
the field of LCA studies, this realisation has led to the development of the Life Cycle Sustainability
Assessment (LCSA) methodology wherein the results of an environmental LCA are combined with
those from a social LCA (S-LCA) and an economic Life Cycle Costing (LCC) [109]. An LCSA practitioner
is presented with a choice as to how to combine or compare the results related to the three sustainability
dimensions, but what is certain is that LCSA results may present a more complete and useful overview
of a system’s sustainability. The fact that the economic advantages of novel monopropellant handling
have been a key driver in replacing hydrazine also makes the LCSA methodology apt in this specific
case, as these advantages should also be reflected in the end results.

In his doctoral thesis, Wilson developed a comprehensive LCSA method specifically for the assessment
of space systems, with the prime motivation of aligning the field of space sustainability with more recent
developments in sustainability studies [110]. This LCSA method is made up of an E-LCA in line with the
ESA guidelines, an S-LCA based on the assessment of risks with respect to various stakeholder groups,
and an LCC compiling the costs and revenues throughout the life cycle. Because of the inclusion of
triple-pillar sustainability and the fact that the method was developed specifically for space systems,
it was decided to use this methodology in this research. As such, more details on the method will be
provided in Chapter 4.

Next to developing an LCSA methodology fit for use in the space sector, Wilson has also created
an LCA database of space-specific processes, including all necessary data to perform environmental,
social and economic LCAs, as well as the combined LCSA. This database is called the Strathclyde
Space Systems Database (SSSD) and is freely available to anyone with a valid ecoinvent license, as
ecoinvent is used for secondary data, similar to how the ESA LCA database is constructed [111]. While
the SSSD includes more information per process than the ESA LCA database, as it includes social
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and costing data next to the material inputs and outputs required to perform an E-LCA, the ESA LCA
database includes more datasets for specific processes. A portion of the SSSD datasets have also
been validated with the ESA LCA database. Overall, the goal of the SSSD is not to replace the ESA
LCA database, but to provide a simpler, easy to use database and methodology to include LCSA results
in early design stages.

The SSSD is increasingly being applied for a variety of research scopes, from informing specific ecode-
sign choices to comparing the exploitation of reusable launch vehicles or assessing the global impact
of proposed space activities [5], [14], [92]. Regarding an assessment of monopropellants specifically,
one publication presents two LCSAs, first comparing the overall sustainability of the production of 1 kg
of hydrazine versus that of 1 kg of LMP-103S, and then comparing the overall sustainability of using hy-
drazine or LMP-103S in the propulsion system of a conceptual mission [112]. In this article, it is found
that the production of LMP-103S and the LMP-103S system both result in a reduced environmental
and social impact, while it does cost more compared to hydrazine production and the hydrazine propul-
sion system, respectively. Interestingly, a more recent publication reverses the conclusion related to
the production of LMP-103S, indicating that this has a larger environmental impact than hydrazine
production [14]. Still, the LCSA of mission using LMP-103S does lead to a smaller environmental im-
pact compared to the option using hydrazine, due to the mass savings related to LMP-103S’s superior
propulsive performance. These results point out how important it is within LCSA studies to consider
the most recent data and to understand what the system-level implications of design changes will be,
even if they fall outside the LCSA system boundaries. Other case studies have also indicated that the
use of germanium in solar arrays often leads to an environmental hotspot, and that the replacement of
argon by ASCENT as a propellant for the Attitude and Orbit Control System (AOCS) does not result in
substantial environmental savings [110].

2.4. Conclusion

This chapter has discussed an increasing focus on sustainability concerns within the space industry
from two perspectives. First, an overview was given of the growing field of novel monopropellant re-
search, which has the main purpose of identifying and developing propellants (and compatible propul-
sion systems), that are less toxic than hydrazine, which has been a standard choice within monopro-
pellant systems since the 1960s. With the reduction in propellant toxicity, it is expected that spacecraft
fuelling would become much cheaper, thereby increasing the feasibility of using chemical monopropel-
lant systems in smaller and cheaper satellites. It was found that there are generally four types of novel
monopropellants around which the bulk of research and development is centred. Of these four groups,
the EIL monopropellants, based on ADN or HAN, have most recently and clearly demonstrated their
ability to replace hydrazine in a variety of use cases, exceeding the conventional monopropellant’s
performance whilst being much easier to handle.

While the novel monopropellants each have their advantages with respect to hydrazine, they certainly
also have features making it less easy or desirable to replace hydrazine with them. Most of these is-
sues are related to the different materials that must be used in the propulsion system when replacing
hydrazine. For example, the increased combustion temperature of nitrous oxide fuel blends, ElLs or
water electrolysis propulsion necessitate the use of active cooling, resulting in complex nozzle struc-
tures, or of refractory metals in the chamber and nozzle walls, which are able to withstand the extreme
temperatures. Furthermore, the robust chemical reaction by which hydrazine decomposes catalytically
over Ir/Al,O5 catalysts is not easily reproducible with novel monopropellants, as these may poison
the catalytic component over time, or weaken the structural support because of a high combustion
temperature.

The main conclusion following the review of novel monopropellant technologies could be that there are
various promising avenues being followed by different countries and institutions, each requiring addi-
tional development before proving to be an adequate replacement for hydrazine. If one would have to
indicate a single propellant that is the most capable drop-in replacement of hydrazine, it would probably
be LMP-103S, an ADN-based EIL, which has been used in space successfully in more than 20 LEO
satellites to date [51]. However, it is also important not to fixate on the idea of finding a propellant that
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works in exactly the same type of architecture as used in hydrazine systems. As the NOFB and wa-
ter electrolysis options indicate, unique propellant characteristics may also allow for additional system
benefits that hydrazine is unable to facilitate, for example related to self-pressurisation or the dual use
of propellants in other spacecraft subsystems.

A second way in which sustainability has recently become a more salient topic in the space industry is
through the advancement of the LCA methodology specifically tailored to space systems. Primarily due
to the efforts of the ESA Clean Space initiative and its goal of integrating ecodesign within standard
space design activities, various environmental LCAs have been performed for past and conceptual
space missions, all of which improve the quality of future LCAs within the sector. By releasing a hand-
book and database to perform E-LCAs, ESA also aims to harmonise the LCA methodology throughout
Europe.

However, as a brief historical review of the concept has indicated, a comprehensive view of sustainabil-
ity should also deal with social and economic concerns, with the overall goal of meeting today’s needs
without compromising the ability of future generations to do so as well [88]. In the specific case of novel
monopropellants, it is additionally valuable to include the social and economic perspectives because it
is often from these perspectives that the hegemony of hydrazine is seen as unsustainable. To assess
the impact of a system on all three pillars of sustainability, the LCA methodology has been adapted
in the past, leading to the concept of a Life Cycle Sustainability Assessment, which combines environ-
mental, social and economic LCA results. Wilson has developed an LCSA framework and database to
specifically facilitate the application of LCSA for space systems [110]. This framework is aligned with
the ESA LCA methodology and is continually being improved and updated, such that it creates a useful
tool for LCSA practitioners in the space sector.

Comparing the state of the art of novel monopropellants and of sustainability studies in the space
industry, a few insights and differences are especially prominent. Firstly, it is remarkable that the use of
the term "green” and "sustainable” in novel monopropellant research is used in a vague manner, leading
to unclear motivations for why certain novel monopropellants are preferred over others. Secondly, there
is a rather large focus on the issue of propellant toxicity and handling cost in novel monopropellant
research, while other environmental, social and economic issues are not investigated with the same
amount of detail. Thirdly, while the application of LCAs and LCSAs in the space industry has matured
over the past years, there have been few studies systematically comparing propulsion options, or novel
monopropellant options specifically. This finding is also uncertain however, as many results from space
LCA studies are not publicly available. With these conclusions in mind, Chapter 3 will identify the
research gap that this thesis will aim to fill and formulate suitable research questions to structure the
rest of the study.



Research Questions

3.1. Introduction

In this chapter, the findings of the literature review will be used to identify the gap in the existing literature
that this thesis could fill. To that end, Section 3.2 will summarise the main areas within the literature
where additional research would be beneficial and prioritise a specific area for this thesis. Thereafter,
Section 3.3 will present the main research question of this thesis and the subquestions that it can be
broken up into. Lastly, Section 3.4 will conclude the chapter.

3.2. Research gaps

One of the main findings in Chapter 2 was that there is a discrepancy between the increasingly nuanced
understanding of how to assess and incorporate sustainability in space systems from the perspective of
LCA and LCSA studies, which include a multitude of impact categories and consider the entire life cycle
of systems, and the more basic comparison of conventional and novel monopropellants, where there
is a single focus on the toxicity and cost of handling of the various propellants. This finding leads to
various possible avenues for future research. One possibility could be to identify other metrics, separate
from toxicity, which influence the overall sustainability of using a specific propellant. Developing a
methodology to combine this variety of metrics would then facilitate a more robust comparison.

Secondly, there is a lack of research on the environmental hotspots within a propellant’s life cycle.
While E-LCAs have been performed for a few monopropellants, no comprehensive assessment has
presented the actual impact of propellant handling on the environment, or the severity of this impact
compared to other environmental damage resulting from propellant production, transport or usage. As
the toxicity of the propellant might actually be more problematic at the level of individual workers and the
economic cost of ensuring safety, it could also be useful to develop a methodology which qualitatively
compares or integrates these impacts with more traditional E-LCA impact categories.

Another area where additional research would be beneficial is in the application of LCAs to guide or
augment the development of new space technologies. At the moment, many publications regarding
the LCA of space systems are not peer-reviewed and serve to further improve the ESA LCA framework
and database [4]. With the intricate details that LCA results are able to uncover, not only on the envi-
ronmental impacts of a system but also on the characteristics of a system’s life cycle, an LCA could be
used to quantitatively verify or assert specific claims when performing a design trade-off, for example.
As the comparison of expendable and reusable launch vehicles using various propellants is currently
an important topic of discussion within the space industry, various research papers and presentations
have performed LCAs of high quality to objectively provide an insight into the environmental facet of
this comparison [92], [103], [106], [113]. Similar LCA studies outlining the environmental impacts of
other contemporary and future plans in the space industry, for example regarding the development of
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several commercial space stations in LEO, or of settlements on the Moon or Mars, have only been
performed in a limited manner [5].

In the field of novel monopropellant research, the insight provided by LCA or LCSA studies is sorely
missing, leading to unsubstantiated claims of "green” propellants, something which is also acknowl-
edged within the novel monopropellant research community itself [21]. One of the key research gaps
that the literature review has also identified is that the impacts of system-level design changes required
to accommodate novel monopropellants, whether environmental, social or economic, have not yet been
investigated in detail. This deficiency is deemed to be rather important, as it is undesirable that the op-
tions replacing hydrazine propulsion systems would lead to unforeseen or aggravated issues from an
environmental, social or economic perspective. This research gap leads to the research objective of
this thesis, as expressed in the following section.

3.3. Main research questions

Considering the research gaps identified through literature, the main research objective of this thesis
will be:

To gain a better understanding of the three-pillar, system-level sustainability of novel and conventional
monopropellant systems, using the analytical tools afforded by life cycle assessment methodologies.

Aiming to lend a practical insight into the comparative sustainability of the various monopropellant
options, the main research question is the following:

How does the choice of propellant impact the environmental, social and economic life cycle sustainabil-
ity of a representative monopropellant system?

While this main question frames the research in a way that is agnostic to which propellants might
be used in a "representative monopropellant system”, the research will take hydrazine as a baseline
option and then compare this to several novel monopropellant options. Furthermore, the choice is
made to include all three sustainability dimensions, firstly because this is feasible when applying the
LCSA methodology and secondly because the insight into all three aspects would be most useful for
researchers or engineers trading off hydrazine and other propulsion options in practice. Lastly, the
research question narrows its scope to a specific usage of monopropellants, namely a "representative
monopropellant system”, such that it is feasible to perform a complete LCSA of this system and to
clearly indicate what the final results of the research will be valid for.

As the main research question is quite broad, it is divided into several subquestions which will provide
a guideline for the overall research methodology presented in Chapter 4. The subquestions are cat-
egorised in three sets: the first aims to define what a "representative monopropellant system” is, the
second considers the overall findings of the sustainability assessment, and the third wishes to link the
answers from the second set to the propulsion system design, to be able to formulate design recom-
mendations.

The subquestions of the first set are listed below and will be answered mostly in Chapter 5 and Chap-
ter 6. The answers to these questions serve not only to structure the rest of the research, but also
to provide an indication of what a design process including conventional and novel monopropellants
might look like.

+ SQ-1.1: For which use case of monopropellant systems is a better understanding of life cycle
sustainability most valuable?

SQ-1.2: What are the propulsion system requirements for the use case found in SQ-1.1?
SQ-1.3: Which novel monopropellants are best suited for the use case found in SQ-1.17?
SQ-1.4: Which sustainability issues are currently considered to be the most problematic for the
use case found in SQ-1.1?

SQ-1.5: What is the design of a propulsion subsystem fulfilling each of the system requirements
found in SQ-1.2, for each of the monopropellants selected in SQ-1.3?
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The second set of questions, moving to the sustainability assessment itself, will be answered in Chap-
ter 7 and Chapter 8. In Chapter 4, the methodological choice to perform LCSAs for the various mono-
propellant system designs will be discussed. At this point however, the formulation of the subquestions
already assumes this and reflects the fact that the results will elucidate impacts in multiple impact
categories in all three pillars. The subquestions related to the LCSA results themselves are:

+ SQ-2.1: Which monopropellant system scores the best in each of the sustainability dimensions
(environmental, social, economic)?

+ SQ-2.2: Which monopropellant system is the most sustainable overall?

+ SQ-2.3: Which impact categories feature the largest and smallest differences between the differ-
ent monopropellant systems?

+ SQ-2.4: Which life cycle phases feature the largest and smallest differences between the different
monopropellant systems?

The final set of subquestions aims to analyse which design and process features drive the major impacts
identified in the second set of subquestions. In the future, the most problematic components or life
cycle steps may then be targeted for further development as to minimize their environmental, social
and economic burdens. Additionally, this might lead to a better insight into the sustainability of other
monopropellant technologies that may not be included in this research but use similar components or
materials. The subquestions of the third set, which will be answered in Chapter 7 and Chapter 8, are:

* SQ-3.1: Which components in the monopropellant systems have the largest impact in each of
the sustainability dimensions?

* SQ-3.2: Which components in the monopropellant systems drive the differences between the
sustainability scores of each of the options?

+ SQ-3.3: Which activities and processes in the life cycle of the monopropellant systems have the
largest impact in each of the sustainability dimensions?

+ SQ-3.4: Which activities and processes in the life cycle of the monopropellant systems drive the
differences between the sustainability scores of each of the options?

3.4. Conclusion

In this chapter, the findings of the literature study have been used to identify relevant gaps in the
literature that might be filled by future research. It was found that the assessment of sustainability
within the field of novel monopropellant systems is still rather simplistic, and that this could be aided
by the implementation of LCA or LCSA methodologies. Some research gaps are therefore related to
the development of new sustainability assessment methods, combining the current focus on human
toxicity and handling cost within novel monopropellant research with a broader view on sustainability
as presented in the LCA methodology. In this thesis however, the goal will be to better understand how
a change in monopropellant impacts the propulsion system design, and how that in turn affects the
entire system’s sustainability, in terms of the environmental, social and economic impact.

The main research question proposed is therefore: "How does the choice of propellant impact the en-
vironmental, social and economic life cycle sustainability of a representative monopropellant system?”
This main research question has been divided into three sets of subquestions, 13 in total, each cen-
tred around a different part of the research. The first set of questions is concerned with defining for
which use case of monopropellants a sustainability assessment would be most relevant and useful.
The second set delves into the the results of the sustainability assessment itself, already positing that
this will be performed with an LCSA, and aims to identify the main conclusions therein. The final set
considers the propulsion system at the level of its components and the processes that make up its life
cycle, investigating which of these have the largest impact on the LCSA results and which drive the
differences between the propellant options included in the study.



Research Method and Materials

4.1. Introduction

With an overview of prior research being established in Chapter 2 and the research questions defined in
Chapter 3, this chapter presents the methodology that will be applied in this research. The development
of a suitable research method to answer the main research question may be subjective at certain points,
which is why Section 4.2 will indicate key methodological choices and provide the rationale for each
of them. Providing a general structure of the research also serves to delineate what the end results
actually mean and in which capacity they answer the research questions. The research is broadly
divided in two parts, the first selecting a case study for the use of monopropellants and designing
propulsion systems for various propellant options, and the second performing an LCSA for each of these
propulsion system designs. The overall methodology used for each part will be specified in Section 4.3
and Section 4.4 respectively. This chapter aims to give a general overview of the research method and
the most important methodological choices, while more specific details within the methodology are only
included in later chapters, such that their impact on the results can be appreciated more clearly. This is
mostly the case in Chapter 6, where the calculations made in the design of the propulsion systems are
presented. As the research will make use of different computer programmes and many data sources,
especially during the LCSA portion of the project, a brief discussion on this aspect is presented in
Section 4.5. As always, the chapter is ended by a concluding section.

4.2. General research structure

As indicated by the division of subquestions in Chapter 3, an adequate answer to the main research
question is deemed to be composed of three steps. First, a specific use case of monopropellants should
be defined, for which an insight into the system sustainability is most feasible and useful, and propulsion
systems should be designed for a number of monopropellants. Secondly, LCSAs are performed for the
system of each considered propellant option. Lastly, the results from these LCSAs are compared and
interpreted, to investigate how the sustainability of the propulsion system is affected by the difference
in propellant. This general structure is reflected in the work flow diagrams presented in Figure 4.1 and
Figure 4.2, which will now be discussed in more detail, providing a rationale for the methodological
choices made in each of the research steps.

The first step in the research will be to select and properly define a use case for which the monopropel-
lant propulsion systems will be designed and analysed in the LCSAs, split up in tasks T-1.1 to T-1.3 in
Figure 4.1. While the research could have also considered two or more use cases, to evaluate how the
impact of propellant choice differs depending on the use case, priority was given to the total number of
monopropellants included in the comparison, thereby limiting the scope to a single use case. The se-
lection of a suitable case study will be done qualitatively, assessing both the feasibility of performing a
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full LCSA, mostly regarding data availability, and the relevance of the final results, considering aspects
such as the likelihood of novel monopropellants being used in each use case and the potential absolute
improvements that could be achieved by using more sustainable propulsion systems. The preliminary
selection of use cases is mostly the result of the literature study performed before [16].

Once a use case is selected, a rough conceptual design of the mission will be performed, specifying
stakeholders and mission requirements which inform the relevant propulsion system requirements. The
method followed here is based on the Space Mission Analysis and Design (SMAD) textbook by Wertz
et al. [114]. Next, the propulsion system requirements will inform the definition and weighting of a
set of trade-off criteria, which are used to select a suitable monopropellants for the chosen use case
in T-1.7. In a graphical trade-off, hydrazine will be included as a baseline and a number of novel
monopropellants will be selected, again keeping in mind the feasibility and relevance of performing an
LCSA for each. After the propellant selection is completed, a top level propulsion system design will be
completed, fulfilling the case study’s propulsion system requirements, for each of the propellant options.
By designing a propulsion system from the ground up, for each of the considered monopropellants, it
is ensured that all considerations with respect to component and material compatibility are taken into
account. For the components that need to be sized according to the total propellant load, a simple
Python script will be written in T-1.8, carrying out the required calculations. The end result of the first
part of the research will be a component selection and comprehensive set of specifications for three
to five propulsion systems, each using a different monopropellant, which will provide the necessary
information to set up a complete life cycle inventory in each of the LCSAs.

- T-1.2: . " . Y
Task 1.1: Identi T-1.4: Define T-1.5: Define
. fy Collect basic data T-1.3: Select case o .
all possible case [ P h study for research mission | propulsion system
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Figure 4.1: Work flow diagram of part 1 of the thesis research

The tasks shown in Figure 4.2 are concerned with assessing the overall sustainability of each designed
monopropellant system and analysing the results from this assessment to find answers to the second
and third set of subquestions. In this part of the research method, there are three key choices which
have a large impact on the overall results: firstly that the LCSA framework is used, secondly that LCSAs
are performed for each propulsion system separately, and thirdly that this is done using the SSSD and
its corresponding methodology.

The motivation for performing an LCSA for each designed propulsion system is that a better understand-
ing is sought of the life cycle impact of these systems for all three sustainability dimensions. There are
also other ways in which this goal could be reached. For example, separate analyses could be per-
formed to assess the impact in each of the dimensions, presenting results from an E-LCA, S-LCA and
LCC as uncoupled assessments of the same system. That approach would allow for more methodolog-
ical flexibility for the S-LCA and LCC, as these would no longer have to completely fit within the frame
of an E-LCA, an aspect of the LCSA method that will become apparent in Section 4.4 and Chapter 7.
The potential advantage would then be that the results of these assessments could be more closely
connected to the specific system being analysed, especially for the S-LCA where developing quantified
impact scores tends to move the level of assessment away from the product to that of organisations or
countries [97]. For the economic dimension, there may also be more advanced assessment methods
that are not entirely compatible with the E-LCA framework [95].

Still, performing LCSAs with the framework that Wilson has previously developed in conjunction with



4.72. General research structure 26

the SSSD, in [110], has a number of very useful advantages, making it the best way of comprehensively
answering the research question of this thesis. The first is the certitude that this LCSA methodology is
capable of reflecting specificities of space systems, for example in the way that costs can be attributed
to specific mission segments or in the characterisation of emissions that are unique to the space indus-
try. A second major advantage is the fact that this LCSA framework has been developed in accordance
with the LCA guidelines set up by ESA in 2016 [99]. This not only improves the consistency of LCA
studies within European space LCA research, but also ensures that other practitioners in the field of
space system LCAs will be able to correctly interpret the results. A third, more obvious advantage of
using the SSSD, is the fact that it indeed facilitates an integrated LCSA, whereas the data and assess-
ment methods of the ESA LCA database are only fit for E-LCAs. The SSSD and its LCSA framework
also include a normalisation and weighting calculation, based on the European Environmental Footprint
(EF) and UN SDGs [14], [115], by which the final environmental, social and economic impacts can be
combined in a single score. Furthermore, the integration of all three sustainability dimensions within the
overarching LCSA framework ensures that the assessment of each dimension uses the same system
boundaries and includes the same components within its life cycle inventory. Another advantage of
using the SSSD is that it already contains datasets of specific space systems or materials, which may
be used when modelling the life cycle of the components of the compared propulsion systems. Addi-
tionally, the SSSD uses ecoinvent as a secondary data source for most of the upstream processes,
also affording this possibility to the creation of new datasets. Finally, the SSSD is set up to be used in
the free LCA software openLCA, increasing its ease of use. More discussion regarding this aspect is
saved for Section 4.5, however.
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Figure 4.2: Work flow diagram of part 2 of the thesis research

The second large methodological choice that was mentioned above, of performing LCSAs for each
of the propulsion systems from the ground up, is made to ensure the inclusion of all specific design
and process considerations of each monopropellant, from material compatibility to the origin of the
components used in the system. After the setup of the SSSD in openLCA has been completed in T-
2.1 and T-2.2, the research will therefore move on to compile the life cycle inventory of each of the
propulsion systems separately, in accordance with the system boundaries and scope of the LCSA. It is
expected that many datasets will have to be added to the SSSD, as no LCSAs have been performed
in the past for monopropellant propulsion systems. Therefore, T-2.7 will most likely be the most time-
consuming step of the LCSA, as the accuracy of the added data must also be evaluated and maintained
to a certain standard. To that end, the life cycle inventories of new processes will be validated as
best as possible, using the ESA LCA database or other sources. After the LCSA is completed with
the impact assessment of each of the propulsion systems, the final steps in the research will be to
identify the driving processes within these impacts and once again validate these findings and the
resulting implications. With the final results of this second part of the research, a detailed answer will
be provided to the main research question, additionally resulting in recommendations for future design
and research.
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4.3. Case study design methodology

As indicated in the chapter introduction, the discussion presented here of the case study design method-
ology will remain at a high level, as the calculations used for the sizing of the system for each of the
propellant options will be discussed in Subsection 6.2.5. This is done for the overall legibility of this
report, considering that these calculations are rather specific and dependent on the case study that
will be selected in Chapter 5. In this section, the focus will be on the overall design philosophy and
requirements to complete the goal of serving as useful input data for the LCSA.

The general idea for the design of the different systems in the case study comparison is that it should
reach the level of detail where the main differences between the propellant options become apparent
and where a minimal amount of extra design choices or assumptions have to be made during the
definition of the life cycle inventory. Regarding design choices, this might indicate that it has to be clear
which material is used in the combustion chamber of the thrusters for each propellant, as this is a key
system difference between the various options, as indicated in Section 2.2.

Before the various systems are designed however, the use case itself must be specified to an appropri-
ate level of detail as well. The use case is an application of a monopropellant propulsion system within
a satellite or other space system, meaning that the propulsion system requirements depend on the re-
quirements of that larger system. This is why it is deemed necessary to perform a conceptual mission
design in this research project, included in T-1.4 in Figure 4.1, to ensure that the resulting propulsion
system requirements are realistic and complete. The requirement generation process will be based
on the SMAD handbook by Wertz et al. and the V model used in many systems engineering practices
[114], [116]. This entails that a mission need statement will be defined, after which key stakeholders,
key stakeholder requirements and mission requirements will be outlined, based mostly on heritage
missions and other literature. The final output of this research step will be a set of propulsion system
requirements, serving both as a source of inspiration for propellant trade-off criteria and as a list of
requirements for the subsequent propulsion system design.

While hydrazine will be included regardless of its performance in the propellant trade-off, other mono-
propellants will be selected as though the trade-off was being performed in an actual design process,
judging the various options based on overall merit for the specific use case. A graphical trade-off will
be performed, as opposed to a numerical trade-off or a more complicated method such as an analytical
hierarchy process (AHP), as a qualitative assessment is deemed most appropriate for this conceptual
stage of system design. Furthermore, the trade-off will also qualitatively take into account the feasi-
bility and value of including certain propellant options in the LCSA comparison. In that regard, the
availability of data for each propellant and the overall variety of the selected propellants are deemed
to be important. These two factors will also inform how many propellants are actually selected: Fig-
ure 4.1 indicates that this may be between three to five, but this will ultimately depend on the number
of propellants for which an LCSA is deemed feasible. A sensitivity analysis of the trade-off will also
be performed, by adapting criteria weights and certain scores, evaluating the robustness of the final
selection of propellants.

With the mission requirements set in the definition of the case study, the main input parameters for the
propulsion system sizing are the total velocity change provided by the propulsion system (the AV bud-
get) and the choice of propellant. The latter not only determines the system’s specific impulse (/,,), but
also the required propellant tank volume and selected materials, thus strongly influencing the system’s
wet and dry mass. The assumptions and parameters used in the propulsion system sizing are based
on various sources, primarily Zandbergen’s Thermal Rocket Propulsion course reader and Sutton and
Biblarz’'s Rocket Propulsion Elements [84], [117], and will be further discussed in Subsection 6.2.5. In
addition to sizing the propellant tank, the propulsion system design will also include a component se-
lection suitable for each of the selected propellants. Once again, the main objective of this task is to
provide enough information to perform a proper LCSA.



4.4, Life cycle sustainability assessment methodology 28

4.4. Life cycle sustainability assessment methodology

This section will present the methodology of the life cycle sustainability assessment performed later in
this report. To have a proper understanding of the general method, Subsection 4.4.1 will first outline
the typical structure of LCA and LCSA studies, before Subsection 4.4.2 will detail the approach used
in the SSSD framework and this research. As for the methodology of the case study design, it is ac-
knowledged that certain methodological details and choices related to the LCSA may only be specified
in Chapter 7, but this is again done for the overall clarity of the report.

4.41. Standard LCSA structure

Because the concept of a life cycle sustainability assessment was primarily conceived as an improved
version of the environmental life cycle assessment, a great deal of its structure and methodology follows
that of the "normal” environmental life cycle assessment, which has been developed since the 1990s
and standardised in ISO 14040:2006 [96]. As such, the structure presented here is based on the LCA
ISO standard and the LCSA method proposed by Klépffer and Finkbeiner et al. [97], [109].

The standardised LCA framework in Figure 4.3 shows that any LCA and LCSA is made up of four
main steps. First, in the Goal and scope definition, the motivation for performing the LCSA should
be specified, as well as the scope of activities that will be included in the LCSA. This is generally
done by defining the Functional Unit (FU) of the LCSA, for example: “The production and delivery of
1 kg of liquid oxygen propellant to the Kourou spaceport in French Guyana.” A proper FU statement
should unambiguously indicate what the final LCSA results hold for, in terms of the exact system being
assessed and ideally also in terms of the included life cycle phases. In addition to the FU, LCSA
practitioners often present a schematic showing the system boundaries considered, showing the life
cycle phases and activities included in the LCSA and specifying which of these are considered as
"upstream” and "core” processes. Core processes are generally fairly obvious to the FU, for example
related to the manufacture or usage of the product, whereas upstream processes may relate to raw
material extraction and transport.

The selected system boundaries also decide the type of allocation method is used for processes with
multiple outputs or the potential of recycling [118]. For example, if certain processes in the LCSA
produce a waste product (from the perspective of the LCSA FU) that can be reused in another life
cycle, an option would be to consider the impacts that are avoided due to this reuse of material, and
subtract this from the total impacts found for the FU at hand. This would constitute a consequential
allocation approach. Another option would be to start with the total impact within the FU’s life cycle and
only allocate a specific portion of that impact to the FU itself, with the rest of the impact allocated to
the other useful products created during the considered life cycle. This is called attributional allocation.
Another option is the cut-off approach, which does not consider the co-products along the life cycle at
all, cutting off any processes related to their further development or integration into useful end products.

The next step in the LCSA framework is Inventory analysis. This step is often the lengthiest of the
entire LCA or LCSA, as it consists of cataloguing and analysing each activity within the FU’s life cycle.
In openLCA, the LCA software that will be used in this research project, the following terminology is
used: a Product System is the system for which the LCSA is performed, meaning that it should model
the FU as best as possible. A Product System is created based on a process, which models a specific
activity. For example, a process may be set up to model the production of 1 kg of AI5254 aluminium
alloy. Any process is then defined by the input and output flows that it is composed of, indicating which
components or materials are taken from or emitted to the technological or natural environment. Any
process is expressed as either a Unit process, being made up of flows which are provided by other
processes, or as a System process, where all input and output flows are elementary flows, directly
extracting from or emitting to the natural environment. For each process, one reference flow is selected
in the output, such that it can act as a provider in case the flow is used in another Unit process. The
Inventory analysis thus consists of defining and modelling which processes make up the considered
phases of the life cycle of the FU, and quantifying which flows are the inputs and outputs of these
processes. For upstream processes, the quantification of these flows can become quite complex, as
one may to know the exact amount of aluminium particles released to the air, using the example above.
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Figure 4.3: Life Cycle Assessment framework, from [96]

Because of this, secondary data sources are often used to model upstream processes, whereas the
definition of core processes should ideally be based on primary data sources that are relevant for the
FU at hand. When there is not enough data available to accurately model a specific process, a proxy
with a more accurate LCIl may be used, as long as the proxy is similar enough to the process being
modelled. When building up an inventory for a particular system, certain cut-off criteria can also be
used, to limit the scope of the LCI and the number of processes or flows considered in its composition.

For the specific case of an LCSA, the inventory analysis of the different processes will entail not only
the material inputs and outputs, but also the factors affecting the social and economic realm. This
may be done in different ways, depending on how the social and economic impact are determined,
but generally this involves cataloguing the cost of the process and how it affects various stakeholders
connected to the activity. As the application of the E-LCA method is more advanced than that of the S-
LCA or LCC methods, especially in the context of space systems, there is generally less data available
for the economic and social inventories of processes. Additionally, it may be more difficult to use reliable
proxies for the specific socio-economic conditions of processes. Lastly, it is also typical for social LCI
data to be characterised only at the level of a country or country-specific sector, making it less specific
to the defined FU [97].

The third step in the LCSA methodology is the Impact assessment of all processes included in the scope
of the LCSA. This operation depends on the selected impact assessment method, which defines the
impact categories included in the LCSA and the characterisation factors for each of these categories.
Depending on the goal and scope of the LCSA, a number of impact categories may be selected, with a
key advantage of the E-LCA method being that a multitude of environmental issues can be investigated
with the same detail. In the definition of impact categories, there is generally a distinction between
midpoint and endpoint impact categories. Midpoint indicators express the impact of flows for a range
of environmental issues, while endpoint indicators go further and quantify these impacts in terms of the
damage they cause for certain areas of protection, typically Human Health, the Natural Environment
and Natural Resources [99]. Some impact categories characterise flows at the input of processes, for
example the midpoint indicators related to resource depletion, while others are more relevant for output
flows, for example considering climate change. A reference unit is accorded to each impact category,
such that impacts of various flows can be made comparable. Reference units are generally decided
upon by a broader scientific consensus; when considering climate change for example, results are
usually expressed in kg CO5 eq.

The life cycle impact assessment (LCIA) is the most computationally demanding task of an LCA, as it
requires each flow within the Product System to be characterised with respect to every impact category
included. In case an LCA software is used, this calculation is carried out automatically by the software.
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Adapting this step for the LCSA methodology is once again not very complicated, as the inclusion of the
social and economic dimensions can be facilitated either by using multiple impact assessment methods
or by adding social and economic impact categories to the list of environmental impact categories [109].
In the LCIA method used in this research, the latter approach will be followed. The main challenge when
developing an LCSA methodology is then to select suitable characterisation factors for each of these
impact categories.

The final step in the LCA framework is the Interpretation of the LCIA results, which includes a critical
and iterative review of how these results are influenced by the choices made in the previous steps,
as indicated by the double arrows in Figure 4.3. Any conclusion that is drawn from the results must
therefore be validated and considered in the context of the assumptions and limitations included in the
definition of the LCA's scope and life cycle inventory. As such, by iterating on the previous steps in
the LCA and identifying shortcomings or mistakes, the LCA practitioner can improve the accuracy of
the final results. This step is extremely important, as the particularities of the LCA methodology can
easily lead to false conclusions, for example if specific flows are characterised incorrectly or if the LCI
is missing key processes.

4.42. LCSA method in this research

In this research, it is chosen to use the LCSA method developed by Wilson in 2019 with the specific
purpose of performing LCSAs of space systems and missions [14], [110]. This choice was made as it
allows for the comparative LCSA in the study to have a broader scope and include more propellants
within the research timeline afforded by the thesis project. Furthermore, the SSSD LCSA framework
is more than adequately able to address the areas of interest that the literature review has identified
within the comparison of novel monopropellant systems and is therefore a suitable method to answer
the research questions. An overview will be given here of the SSSD LCSA methodological guidelines
or exact methods to perform each of the four activities within the typical LCSA framework. This is based
on the SSSD user guide [119] and methodological description [14].

Goal and scope definition

For the definition of the FU and system boundaries for an LCSA of a space system, the SSSD framework
refers to the guidelines of the ESA LCA handbook [99]. This handbook gives recommendations for the
scope of LCAs of various processes, from an entire space mission down to the level of the production
of a specific material. As this study will compare the LCSA results of different propulsion systems, the
guidelines given for equipment are most relevant, which give a generic functional unit of: “One piece/kg
of equipment Y at the output gate” [99]. Furthermore, the recommendations for system boundaries
advise to leave research and development (R&D) and supporting activities such as office work outside
the scope of the LCA. These and other guidelines in the ESA LCA handbook will be followed for the
actual definition of the FU, which will be presented in Section 7.2.

Life cycle inventory database

The Strathclyde Space Systems Database is organised in five levels, each representing a different
scope for the system or activity being investigated in the LCA or LCSA. An overview of this architecture
is shown in Figure 4.4. In total, the first version of the SSSD contained 410 new datasets modelling
space-specific activities. The bulk of these new datasets can be found in the Background Inventory,
which has grown to contain close to 500 datasets since the publication Figure 4.4, and as this research
will be concerned with LCSA at the level of equipment and build new Product Systems to model each
of the considered propulsion systems, this level is the most relevant. The new processes that will be
defined in this research during the LCI analysis will also be to the Background Inventory of the SSSD.

The SSSD provides LCI data for many unique space processes based on both primary data, collected
within the space industry and through literature research, and secondary data. The secondary data
used is sourced from ecoinvent versions 2.2, 3.3 and 3.8, and the European Life Cycle Database
(ELCD). The fact that these supporting databases are included in the SSSD environment within openLCA
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Figure 4.4: Strathclyde Space Systems Database architecture, from [119]

makes it easy to create new processes based on secondary data providers. The SSSD also includes a
clear description of the scope and sources used for each process in the database, such that it is easier
to maintain methodological consistency when adding new datasets.

Furthermore, 75 out of 250 datasets in the original SSSD background inventory have been validated
with the ESA LCA database [110]. This ensures consistency and improves the accuracy of the SSSD,
as the ESA LCA database has the advantage of several industrial partners contributing to its growth.
Additionally, regular contact and joint projects between the moderators of the SSSD and ESA LCA
database have resulted in a further convergence between the databases, where discrepancies are
investigated and corrected if necessary. Nonetheless, this report will validate key LCI datasets with the
newest version of the ESA LCA database (October 2023 release) in Section 8.2, to check the accuracy
of newly added processes where possible.

Data quality assessment

An important part of life cycle inventory analysis is the estimation and quantification of the data quality
of the included datasets. Not only does this provide useful information for future LCA practitioners
who may not know how a specific LCI| dataset was created, it also allows for sensitivity analyses to be
performed using Monte Carlo simulations. Due to the limited research time and data availability, a full
sensitivity analysis and uncertainty quantification will not be performed in this research. Nonetheless,
the data quality of newly added datasets will be quantified.

There are several standardised ways of assessing and communicating data quality. A common ap-
proach is to fill in a so-called pedigree matrix, which includes a number of data quality indicators which
are scored from 1 to 5 based on the most applicable description of the dataset at hand. In this research,
the pedigree matrix created by ESA based on European Commission’s Environmental Footprint (EF)
guidelines will be used to evaluate the new processes added to the SSSD [99]. This matrix is shown in
Figure 4.5 and includes six indicators judging Technological representativeness, Geographical repre-
sentativeness, Temporal representativeness, Completeness, Precision, and Methodological appropri-
ateness and consistency. While the evaluation of each of these indicators is still somewhat subjective
or subject to uncertainty itself, this method does provide a basis to estimate the overall value of an LCI
dataset.

Sustainability impact assessment method

In this research, the SSSD Sustainability LCIA method with midpoint impact categories will be used,
which has been recently updated (September 2023) to be in line with the impact categories included
in the European Commission’s EF3.0 framework [115]. This LCIA method includes 23 impact cate-
gories in total, of which 21 are environmental categories, and uses 16 of these environmental impact
categories to calculate an environmental single score. All but three of all LCSA impact categories are
based on existing LCIA methods, meaning that the characterisation of flows is already in place and
validated. An overview is provided in Table 4.1. A source is provided for each of the impact categories,
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Figure 4.5: ESA LCA data quality pedigree matrix, from [15]

but these are not included in the report’s bibliography. The reader is instead directed to [110] and [14]
for more information on these impact assessment methods.

The table also presents the normalisation and weighting factors for most of the impact categories. For
the environmental categories, these factors are used to calculate a single environmental score, by first
dividing the impact assessment result by the normalisation factor, then multiplying it by the weighting
factor, and finally summing up all impact category contributions. With the environmental single score
and the normalised economic and social scores, a single sustainability score can also be calculated
with the formula shown in Equation 4.1, where LCSA, E-LCA, LCC and S-LCA indicate the single
score results respectively for the life cycle sustainability assessment and environmental, economic and
social impact categories. The weighting factors in Equation 4.1 have been defined by considering the
number of UN SDGs related to each of the sustainability dimensions [110]. This approach is admittedly
quite basic and will therefore only be used as a rough indication of which propulsion system is most

sustainable "overall”.

LCSA=0.18 - E-LCA+0.29-LCC + 0.53 - S-LCA

(4.1)

In the three subsections below, a short description will be given of the impact assessment for the

environmental, economic and social impacts separately.
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Environmental impact assessment method

Each of the environmental impact categories included in the methodology, except for that related to
Critical raw materials, is taken from a pre-existing LCIA method, as indicated in the second column of
Table 4.1. For each of them, the SSSD contains a list of characterised flows, i.e. elementary flows which
affect this impact category. The characterisation of this impact is performed in consistent units, such
that a proportional impact may be accorded to each amount of characterised flow. For example, 1 kg
of methane emitted to the air results in 36.8 kg COseq in the Climate change impact category [111]. For
some impact categories, flows are also characterised differently depending on where they are emitted
or extracted, making it crucial to be as accurate as possible when creating the LCI of processes.

The normalisation and weighting factors reported in Table 4.1 for the impact categories included in the
environmental single score are based on guidelines provided in the EF framework [14]. Therein, every
impact category result is first normalised by dividing the absolute value by the annual footprint of an
average world citizen. Next, the impact categories are also weighted to reflect the estimated severity
of each environmental concern reflected in the categories. This is again based on the EF framework.

Economic impact assessment method

The economic impact assessment method within the SSSD is quite straightforward, as it follows a stan-
dard LCC approach. Its general methodology is that the LCI data within the SSSD contains information
regarding costs, revenues or net balances for each process, expressed in a specific currency and year.
In the economic LCIA, the costs are subtracted from the revenues, added to the reported net balances
and adjusted for inflation to be expressed in Euro for the year 2000. To gain a better insight into the
composition of the total net balance, the different cost elements are categorised into the related mission
segments and then related to specific cost divisions, as indicated in Table 4.2.

Table 4.2: Categorisation of cost elements included in SSSD economic LCIA method, from [119]

Cost Segments Cost Divisions

Ground segment - Costs End of life

Ground segment - Income Energy & fuel

Ground segment - Net balance | Facilities management
Infrastructures - Costs Income & profits
Infrastructures - Income Initial investment
Infrastructures - Net balance Integration & testing
Launch segment - Costs Labour

Launch segment - Income Launch

Launch segment - Net balance | Operations & maintenance
Space segment - Costs Overheads & miscellaneous
Space segment - Income Production & manufacturing
Space segment - Net balance | Transportation & travel

The normalisation of the economic single score follows a similar approach as the normalisation of the
environmental impact categories, comparing the absolute result to a larger scale metric to estimate how
the relevance of the LCC outcome. In this case, the average amount of money spent per EU citizen on
space activities is taken as the normalisation factor [111]. Additionally, the normalisation factor shown
in Table 4.1 has a negative sign to adjust for the fact that the economic LCIA outputs the net balance,
whereas the environmental and social impact categories relate poor performance to a high, positive
score.

Social impact assessment method

The LCIA for the social score follows a somewhat less direct approach to calculate the impact of the
system’s life cycle for various social stakeholders. Firstly, the only flow that is characterised is the
number of labour hours related to a process. This information is included in SSSD datasets, together
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with the country where that labour takes place. Then, based on these two parameters, a social score is
quantified by evaluating the social conditions within that country based on a multitude of potential social
burdens, called stakeholder subcategories, connected to six stakeholder categories, being: Children,
Consumers, Local community, Society, Value chain actors and Workers. This approach was based
on the S-LCA guidelines of the UN Environment Programme (UNEP) and Society of Environmental
Toxicology and Chemistry (SETAC) [14]. Atthe moment, the social impact is only assessed at a national
level. While the LCIA does allow for information at an organisational level to be used, the required data
in this regard is very limited, with companies not being eager to provide information on the risk of
specific social harm occurring due to their activities. Furthermore, the LCIA method is limited to the
Value chain actors and Worker stakeholder categories, as it was deemed that only these categories can
be represented accurately enough at a national level. An overview of the considered social burdens is
given in Table 4.3.

Table 4.3: Overview of stakeholder subcategories included in SSSD social LCIA method, from [119]

Stakeholder Category Stakeholder Subcategory

Fair competition
Promoting Social Responsibility
Value Chain Actor Respect of Intellectual Property Rights
Supplier Relationships
Wealth Distribution

Child Labour
Employment Relationship
Equal Opportunities/ Discrimination
Fair Salary
Forced Labour
Worker Freedom of Association and Collective Bargaining
Health and Safety
Sexual Harassment
Social Benefits/ Social Safety
Wellbeing of Staff
Working Hours

Each of the stakeholder subcategories in Table 4.3 is assessed based on a number of social indicators
with equal weights. For every social indicator, an evaluation scheme is defined in the SSSD, which uses
one or more parameters or statistics for which data can be found for the relevant country providing the
labour hours. For example, the "Child Labour” stakeholder subcategory within the Worker category,
is made up of three social indicators, namely: Amount of child labour, Number of children exposed
to hazardous work and Total children in employment. Then, the indicator "Amount of child labour”, is
assessed by considering the percentage of the total workforce made up of children, based on statistics
from the International Labour Organisation (ILO). The evaluation scheme specifies that "No Risk” of
child labour is related to 0%, whereas a "Very High Risk” is present when more than 10.60% of the total
workforce are children. This exact upper bound is based on the global average as estimated by the
ILO.

In each evaluation scheme, a (typically uniform) distribution is set up from "No risk” to "Very High Risk”,
relating each risk category to a range of the social indicator metric. Each of these risk categories is then
related to a score from 0 to 100, based on the approach shown in Table 4.4. Regarding the weights of
each part of the social LCIA architecture in the SSSD, every stakeholder category contributes equally
to the social score, resulting in a weight of 16.666...%, which is then equally divided over each of the
stakeholder subcategories within the stakeholder category. These stakeholder subcategory weights
are in turn equally split up among the included social indicators per subcategory. Thus, taking all the
quantified scores for the social indicators and performing a weighted sum of all of them results in the
total social score.
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Table 4.4: Risk evaluation scheme used in SSSD social LCIA, from [110]

Band No VeryLow Low Medium High Very High Not No
Risk Risk Risk Risk Risk Risk Applicable Data
Score 0 20 40 60 80 100 0 50

In practice, the current version of the SSSD only quantifies the social score for two out of six stake-
holder categories, such that the result for the social score must be multiplied by three before it can
be normalised and used in the sustainability single score calculation. The normalisation factor for the
social score is based on the average social score performance for European companies, which is multi-
plied by the number of labour hours in a year and divided by the total number of EU citizens to develop
a metric for the annual social score per EU citizen [14]. Wilson admits that this approach is very ap-
proximate, leading to a high uncertainty for the normalised social score result, but attributes this to the
general lack of S-LCA normalisation methods in literature. Once again, it is also important to note that
the sustainability single score will only be a minor part of the overall results in this research.

4.5. Software and data sources

Throughout the research, various software tools will be used to perform calculations or support other
steps within the overall methodology. Firstly, Microsoft Excel is used to compile and compare infor-
mation in general, aiding in the case study design definition in Chapter 5 and the propellant trade-off
and propulsion system design in Chapter 6, setting up the life cycle inventories and performing basic
calculations to complete the datasets for new processes in Chapter 7, and finally presenting the LCSA
results and facilitating deeper insight in Chapter 8.

Next, the programming language Python is used in Chapter 6 in the sizing of the various propulsion
systems. A script will be written which uses the selected propellant, initial tank pressure and total §1/
budget to calculate the required tank size and mass, and sums the mass of all other required propulsion
system components to provide the dry and wet mass of the system. This code will also be verified and
validated in Subsection 6.4.1.

Finally, the open source LCA software openLCA will be used in Chapter 7 and Chapter 8 to generate
and evaluate the LCSA results. This programme was first released in 2006 by the German company
GreenDelta and can be downloaded on a dedicated website, which also provides a set of free or com-
mercial LCA databases in the openLCA Nexus [120]. The version that will be used in this research is
openLCA 2.0.3. The choice to use openLCA as the software to perform the LCSA was informed by
the fact that the SSSD was constructed in this programme, making it easier to navigate and add new
processes to the database. Furthermore, the presentation of LCA results within openLCA facilitates
an intuitive evaluation process to identify potential hotspots. Another reason to use openLCA over
other LCA software is that this programme is completely free to use, lowering the boundary for future
research to reproduce or build onto the results of this thesis.

Next to the software used in different parts of the research, it is also important to acknowledge the data
sources that will inform the definition of the LClIs for newly added processes in the SSSD. Generally,
new processes are constructed as Unit processes, using flows from the SSSD and ecoinvent 3.3 or 3.8
[101], [111]. The usage of datasets from ecoinvent 2.2 is deemed to be undesirable as this version of
the ecoinvent LCA database was released in 2010, meaning that many datasets have been updated
or corrected since then. Some flows from ecoinvent 2.2 are still used in the processes already existent
in the SSSD and this was not fully corrected due to the limited thesis timeline. Nonetheless, wherever
flows are used related to electricity production or transport, ecoinvent 2.2 data is replaced by ecoinvent
3.8 data, as the data for these flows has changed greatly in the past years. With the goal of updating
SSSD processes that are key to the case study modelled in the LCSA, a comparison will be made with
the ESA LCA database to check whether the older SSSD data is still valid.

In addition to defining which flows are used in new processes, a quantification must also be made of
how much of these flows are required in each specific process. Gathering sufficient information to do
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this accurately is expected to be a very time-consuming step of the research, the results of which will
be shown in Section 7.4. The required information will generally be sourced from open literature online
or relevant proxy information already included in the SSSD or ESA LCA database. Whenever possible,
an effort will be made to collect primary data by contacting company employees or other professionals
who can provide more accurate data related to the overall structure and quantity of flows included in
new processes. For any information in the LCI, Section 7.4 will clearly indicate the source. The origin
of these sources will also be the most decisive factors when filling in the data quality matrix for each
new process.

4.6. Conclusion

This chapter has outlined how the research questions in this thesis are planned to be answered. Overall,
the methodology is split up in two parts. The first is concerned with identifying and further detailing the
monopropellant use case for which a comparison of the overall sustainability would be most valuable
and feasible, selecting the propellants that are most suitable for this use case, and creating conceptual
propulsion system designs for each of these propellants. The second part will then perform an LCSA for
each of these propulsion systems and compare these results to understand how the design differences
between the systems lead to differences in their environmental, social and economic sustainability.

The general LCA methodology has been presented, which follows four main steps, being the Goal
and scope definition, Inventory analysis, Impact assessment and Interpretation. For each of these
steps, the specificities of the space industry require the LCA practitioner to make changes or correctly
apply existing LCA methods in the LCA of space systems. Both the ESA LCA and SSSD handbooks
provide guidelines to this end and a coherent approach for each of the LCSA steps in this research
has been defined based on these documents [99], [119]. The most important conclusions from this
LCSA methodology are that new datasets will be added to the SSSD to adequately represent the
LCI of the considered propulsion systems, and that the selected impact assessment method is the
SSSD Sustainability LCI with Midpoint impact categories. This LCIA method will provide results for 21
environmental impact categories and single scores for the social and economic impacts.

Lastly, itis relevant to point out that LCI data for new processes will mostly be based on publicly available
data, out of necessity. This will most likely reduce the reliability of the final results, as limited public
data availability has been indicated before as a major hurdle for LCA in the space industry [4]. This
and other methodological limitations and drawbacks will be further evaluated in Section 8.4, when the
effect of these limitations on the final results will be clearer.
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Table 4.1: Overview of impact categories included in SSSD Sustainability Midpoint LCIA method, from [111]. * indicates that
the impact category is included in the EF3.0 framework and in the environmental impact single score calculation [115].

Normalisation

Weighting

Impact category Source Reference unit factor factor

Acidification* EF: Accumulated - i1 o 55.5 0.062
Exceedance

Air acidification CML 2001 kg SO2 eq - -

Climate change* EF: IPCC (2013) kg CO2 eq 8400 0.2106

Critical raw materials SSSD 2019 kg mass - -

Economic impact, SSSD 2019 EUR 2000 7.47 1

single score

Ecotoxicity, freshwater* EF: USEtox CTUe 11800 0.0192

Ecotoxicity, marine CML 2001 kg 1,4- - -

dichlorobenzene eq

Eutrophication, EF: ReCiPe

freshwater* Midpoint (H) kg P eq 0.734 0.028

Eutrophication, EF: ReCiPe

marine* Midpoint (H) kg N eq 28.3 0.0296

Eutrophlc?hon, EF: Accumulated mol N eq 17 0.0371

terrestrial Exceedance

Human toxicity, EF: USEtox CTUh 3.85E-05 0.0213

cancer

Human toxicity, EF: USEtox CTUh 0.000475 0.0184

non-cancer

- . EF: Human Health

lonising radiation Effect Model (1995) kBq U-235 eq 4220 0.0501

Land use* EF: LANCA (2016) Pt 1400000 0.0794

Ozone depletion* EF: WMO (1999) kg CFC11 eq 0.0234 0.0631

Particulate matter* EF: UNEP (2016) disease inc. 7.18E-04 0.0896

Photochemical EF: ReCiPe

ozone formation* Midpoint (H) kg NMVOC eq 406 0.0478

Resource use, fossils* EF: CML 2001 MJ 65300 0.0832

Resource use, minerals CML 2001 kg Sb eq ) )

and metals, reserve base

Resource use, minerals

and metals, ultimate EF: CML 2001 kg Sb eq 0.0636 0.0755

reserve*

Social impact, SSSD 2019 Social Score 32916.5866 1

single score

Total cumulative Cumulative M ) )

energy demand Energy Demand

Water use* EF: AWARE (2016) m? depriv. 11500 0.0851




Case Study Definition

5.1. Introduction

To make a quantified comparative assessment life cycle sustainability impact of various monopropel-
lants, LCSAs will be performed for a specific case study. Narrowing down this research to a single
use case is necessary and useful for various reasons. Firstly, there is a limit to what can be achieved
within this thesis research, which requires a limited yet justified scope for the research. Secondly, due
to the nature of the LCSA methodology, it is desirable to have a very clear definition of the investigated
system at hand, so that data can be properly collected and the use of information in databases can be
properly justified. Furthermore, the precise definition of the system investigated in the LCSA is impor-
tant for the interpretation and potential extrapolation of results. Thirdly, the selection of a specific use
case will influence which monopropellants are most suitable for this application.

This chapter will thus discuss the selection and definition of the use case of monopropellant propul-
sion for which several possible propellants will be selected in Chapter 6 and for which Chapter 7 will
perform a comparative LCSA. While the LCSA will only be performed for the propulsion system, the
definition of the entire use case is important as it provides the context and requirements for which the
propulsion system will be designed. Some possible use cases, informed by the findings of the literature
study, are discussed in Section 5.2 and a qualitative selection is made. Then, Section 5.3 will set up
the conceptual mission design for this case study, by considering key mission requirements. Finally,
Section 5.4 will consider relevant heritage missions for the selected use case and compute important
mission parameters based on the requirements defined in Section 5.3.

5.2. Case study options and selection

As illustrated in Chapter 2, there is a great variety of applications for which monopropellant propulsion
systems are used. Generally, monopropellant systems are preferred whenever a moderate amount
of total impulse is to be delivered, with multiple restarts of the system, for a moderate cost. Because
of these reasons, monopropellant systems are often used as the primary propulsion system for the
attitude and orbit control of small (<500 kg) satellites, or as a secondary propulsion system for attitude
control in larger spacecraft [84, p.264]. In some cases, monopropellant and bipropellant systems can
be elegantly combined by using a propellant that is used in both systems; this is possible for hydrazine,
which both acts as a monopropellant and a hypergolic fuel with nitrogen tetroxide or another oxidizer.

When selecting a case study for the application of the LCSA, there are certain rough criteria informing
what a "good” choice would be. As stated in Chapter 3, the goal of this research is to determine how
propellant choice impacts the three-pillar sustainability of a representative monopropellant system. This
firstly implies that the focus is solely on the monopropellant system. To be able to clearly separate the
monopropellant system from the rest of the spacecraft, it is therefore desirable to select a case study
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where the monopropellant system is the only propulsion system on board. Secondly, it also determines
that the scope of the LCSA is limited to the propulsion system, which is an important assumption for
Chapter 6 and Chapter 7.

Other important factors in selecting a case study are the relevance of the LCSA results and the feasi-
bility of obtaining these results with an acceptable degree of accuracy. In the specific case of novel
monopropellant systems, these two factors are closely related. If a novel monopropellant is more likely
to be introduced in one use case than in another, this will mean that it is both more achievable to find
reliable data and more useful to share the LCSA results with the research community. Case studies
where novel monopropellants have flight heritage are therefore preferred.

Next to the relevance of the results for a wider research community, one should also consider what the
absolute impact would be if the investigated case study would be developed more sustainably in the
future. In this regard, it is relevant to consider the total number of such spacecraft to be developed and
launched each year, the absolute environmental, social and economic impact of each of these space-
craft and the projected market growth of this type of mission. However, making such an assessment
at this stage is quite difficult as this is part of the knowledge gap that this thesis project is aiming to fill.

A selection of five possible case studies will now be presented, after which a comparison will be made
based on some of the criteria mentioned above. Finally, one case study will be selected and the rest
of this chapter will further define that case study.

5.2.1. 6U CubeSat for LEO constellation

A first use case of monopropellant propulsion, which has seen a great growth over the past decade, is
that of a microsatellite in the form factor of a CubeSat operating in a Low Earth Orbit (LEO) satellite
constellation. While 3U CubeSats usually do not have the means to facilitate a conventional monopro-
pellant system, recent technology advances have made monopropellant propulsion a feasible option
for CubeSats larger than roughly 6U [121, p.64]. These CubeSat constellations are mostly used for
Earth Observation (EO) or for communication services. As such there are various commercial actors
who are planning to or already in the process of constructing a constellation of CubeSats, among others
Kepler Communications (18x 6U, communications) [122], Spire Global’s Lemur-2 constellation (8x 6U,
multifunctional) [123] and the PlanetLabs Doves constellation (200x 3U, EO) [124].

In this use case, monopropellant propulsion would make up the main propulsion system of the space-
craft, typically using one thruster of 1 N or four 0.1 N class thrusters [125]. In many cases electric
propulsion actually seems to win this design trade study, as evidenced by the Kepler and Spire Cube-
Sats using electric propulsion instead of chemical [122], [123]. However, Aerojet Rocketdyne is devel-
oping several CubeSat monopropellant propulsion modules, both for hydrazine and the novel mono-
propellant ASCENT [125]. Other heritage of novel monopropellants in this use case is the HYDROS
water electrolysis system that was demonstrated in space on board the NASA PTD-1 mission [75].

5.2.2. 12U CubeSat for deep space mission

A second use case that could be investigated is that of a larger (6U-12U) CubeSat, used in a deep
space science mission. With the return of space exploration to the Moon, there have already been
several missions using this concept for Lunar observations and others are planned to launch in the
coming years. Notable examples are the ten 6U CubeSats that were deployed as secondary payloads
in the Artemis | mission, the 12U NASA CAPSTONE mission, which used a dedicated launch vehicle
to test the feasibility of the planned Lunar Gateway orbit, and the 12U ESA Lunar Meteoroid Impact
Observer concept (LUMIO) [126]-[128].

With deep space CubeSats inherently providing opportunities for testing experimental technologies,
the adoption of novel monopropellants is also likely for this use case. The NASA Lunar Flashlight
mission, launched in 2022, was meant to demonstrate a pump-fed ASCENT propulsion system onboard
a 6U CubeSat searching for water-ice on the Lunar South Pole [68]. While the propulsion system
failed in orbit, the technology development provided a further step in the direction of maturing novel
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monopropellant systems [69]. In the LUMIO design study, an LMP-103S system is being considered
as the main propulsion system [128]. In the case of conventional hydrazine monopropellant, NASA’s
CAPSTONE mission included a hydrazine monopropellant system and successfully demonstrated its
use for orbital manoeuvring and reaction wheel desaturation [129].

5.2.3. Minisatellite for LEO constellation

The third potential case study is, similarly to the first, a mission type that has seen a tremendous in-
crease in commercial activity over the past years. With a launch mass between 180 and 100 kg [121],
minisatellites present a valuable form factor as they are able to house larger payloads than CubeSats,
while still allowing for a degree of industrial upscaling in development and production. The most promi-
nent mission types in the category of minisatellites are LEO constellations for EO and communication
services, SpaceX’s Starlink being the most prominent example [130]. According to BryceTech, 95% of
all spacecraft launched in 2022 were small satellites (defined in the report as <600 kg). Of that frac-
tion, 75% were Starlink or OneWeb satellites, the latter of which is a European competitor to Starlink,
amounting to 1736 satellites [131]. In the field of Earth Observation constellations, Planet is the most
successful company by far, with their RapidEye and SkySat constellations made up of respectively five
and 21 minisatellites in LEO [124].

In minisatellites, monopropellant systems are used for orbital control and rough attitude control. Stan-
dardised hydrazine monopropellant propulsion modules for minisatellites, for example the Myriade or
ROCSAT systems, have been developed and successfully demonstrated in constellations in the past
[9], [132]. These systems typically feature a single blow-down diaphragm propellant tank and four
thrusters, to allow for manoeuvres in three axes. There is also a considerable history of novel mono-
propellant technology demonstration in LEO minisatellites. The three technology demonstration mis-
sions, PRISMA, GPIM and RAPIS-1, using LMP-103s, ASCENT and SHP163 respectively, were all
minisatellites with a wet mass between 150 and 200 kg [62], [67], [70]. Furthermore, 19 operational
SkySat satellites employ a HPGP propulsion system developed by ECAPS [133]. As a final ongoing de-
velopment for novel monopropellant usage specifically for minisatellites, it is worth noting the POLON
HTP monopropellant system, being designed at the tukasiewicz—Institute of Aviation [34].

5.2.4. Medium-sized satellite for MEO constellation

Satellite constellations are not limited to LEO. The most well-known constellations in the space of
Medium Earth Orbits (MEO, between 2000 km and geostationary altitude) are the European and Amer-
ican navigational satellite constellations, respectively Galileo and GPS. These satellites are built in
large series based on a standardised bus, and feature larger payloads, thereby resulting in a wet mass
of 733 kg in the case of Galileo and around 4000 kg in the case of the newest GPS generation [134],
[135]. Due to the nature of the mission requirements, the size of these constellations is smaller than
those for EO or communications services: for both the GPS and Galileo systems, there are 24 active
satellites in the constellation [134], [136].

For this type of satellite, monopropellant systems with higher thrust levels (1-20 N) and more thrusters
(eight in the case of the first generation Galileo platform) are used as the main propulsion system for
orbit maintenance and attitude control. In the case of the larger third generation GPS satellites, an
additional bipropellant engine is included for the initial orbit insertion manoeuvre [135]. As mentioned
before, the navigational satellites are built on standardised buses, thereby fully benefiting from the long
heritage of hydrazine technology. This fact and the fact that these satellites have a long development
time and a high cost, may explain why there is less interest as of yet to introduce novel monopropellants
in this use case. On the part of thruster manufacturers ECAPS and Aerojet Rocketdyne, there is an
ongoing process to qualify 20 N thrusters for respectively LMP-103S and ASCENT [67], [137]. As
novel monopropellant technology continues to mature, it is likely that it could be introduced in the next
generation of the MEO constellation satellites.
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5.2.5. Roll and attitude control system for medium-lift launch vehicle

The final use case is quite different from the previous four, given that it represents the only case where
monopropellant propulsion is decidedly used as a secondary propulsion system, and that it is the only
case where the system operates within the Earth’s atmosphere. What is considered is the roll and
attitude control system (RACS) of a medium-lift launch vehicle, such as ESA’s Vega-C, United Launch
Alliance’s Atlas V or SpaceX’s Falcon 9, able to launch between 2000 and 20000 kg into LEO [131]. In
the case of the Falcon 9 launch vehicle, attitude control is performed by a cold-gas propulsion system,
but this task can also be performed by a monopropellant system, as evidenced by the inclusion of a
hydrazine monopropellant system in Vega-C and Atlas V [138], [139]. With the previously discussed
growth in the field of small satellites, the market for small- and medium-lift launch vehicles will also
grow, presenting new opportunities for the transition to novel monopropellants.

While the use case may be less obvious than the others, the reason for considering it as an option
is that it employs thrusters of a different class than the other use cases. While the previous options
generally require thrust values around in the range of 0.1, 1 or 20 N, a launch vehicle roll control
system would need values in the range of 200 N. As the entire propulsion system is scaled up, this
could result in important differences from the perspective of life cycle sustainability. Another reason
for including this option is the ongoing development of a new roll control system using HTP, replacing
the original hydrazine system of the Vega-C vehicle [138]. This development is led by Nammo and
includes a European consortium, indicating that there is industrial interest for this type of usage of
novel monopropellants. The environmental severity of spilled hydrazine due to failed rocket launches or
stages returning to Earth in the surroundings of the Russian spaceport of Baikonur provide an additional
motivation to exclude hydrazine from use in launch vehicles [140].

5.2.6. Overview and selection

The five potential case studies discussed above present the wide variety of monopropellant usage.
Considering the LCSA that will be performed later in this report, the five options would potentially result
in different impact hotspotss. While this research can only deal with one of the cases, it would certainly
be interesting in future research to compare the results between the five options and highlight the most
relevant recommendations for each of them.

Based on the above descriptions, Tables 5.1 and 5.2 give an overview of the use cases with the char-
acteristics of their use of monopropellant technology and of the missions themselves. Most of these
characteristics are only meant to provide a rough picture of the general order of magnitude; this is espe-
cially applicable for the estimated systems launched per year or the development costs, for which the
numbers are not entirely comparable across the different cases. While a source is provided for most
characteristics, some are based on an overall judgement of the literature.
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Table 5.1: Comparison of potential case studies

Use case Orbit S/c wet Thrust # of Novel monoprop. Propellant
mass [kg] [V] thrusters heritage load [kg]
Yes 1
Sgngt:tl)IZtSl:r: LEO  12[121] 0.1-1 1-4 (NASA (Hydrazine
PTD-1 [75]) [125])
Deep- Not successful 1.79
12U CubeSat S acpe 24 [121] 0.001-1[128] 1-8[128] (Lunar (LMP-103S,
P Flashlight [68]) LUMIO [128])
Minisatellite Yes 10.5
constellation LEO 120 [133] 1[141] 1-4 [141] (multiple) (LMP-103S,
P SkySat [141])
Navigational sat 45
garior " MEO 750 [134] 1-20 [18] 1-6[134] No (Hydrazine
constellation
[114])
In development 65 (HTP,
MediumAftLV.— Earth — 510000(142] 200[138]  6[138]  (Vega-C pased on
RACS to LEO RACS [138]) Vega-C
RACS [138])
Table 5.2: Comparison of potential case studies, continued
Est. systems Est. development T
Use case launched/year cost [Mill. €] Data availability
. Various commercial options
6U CubeSat 20 (Kepler and Spire) and academic publications,

[122], [123] (+50 3U
Planet Doves [143])

1.3 (with launch) [144]

constellation some novel monopropellant

research

12U CubeSat 1-2

12
(buget for
CAPSTONE [127])

Some academic publications,
including some
novel monoprop. options

50

Minisatellite (+1500 Starlink

constellation

and OneWeb) [131]

17 (SMAD [114])
- 32 (GPIM [67])

Various commercial options
and academic publications,
some novel monopropellant

research
Navigational sat. <10 [134] 122.5 (budget per Few existing constellations,
constellation Next Gen. GPS [135]) limited data availability
Medium-lift LV (1/-1\3 Medium-lift 275 Mill. Few existing options,
RACS (Vega-C [142]) very limited data availability

launches [145])

Choosing between the different options, there are two factors that are deemed to be most important.
As discussed before, novel monopropellant heritage and data availability work hand in hand and are
also clear indicators of the feasibility and relevance of the LCSA that will be performed later in this
report. With this in mind, the case study of the minisatellite constellation in LEO has a clear advantage
with respect to the other options. While the 6U CubeSat option also features ongoing research and an
existing base of novel monopropellant heritage, the various demonstrations of novel monopropellant
usage in the minisatellite application have been well-documented, especially in the case of SkySat

[141].
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While the market for minisatellite constellations will most certainly continue to grow in the coming years,
it is undeniable that electric propulsion is often preferred over chemical propulsion for this use case.
The reason why the Starlink and OneWeb launches have been added in brackets in Table 5.2 is that
these spacecraft currently use electric propulsion [130]. However, if regulations related to collision
avoidance and de-orbiting become more demanding in the future to ensure a safe LEO environment,
it could be that electric propulsion is no longer suitable to fulfil all propulsion system requirements.
Furthermore, one of the reasons why chemical propulsion is currently not always preferred is that the
use of hydrazine may not be feasible within the tight schedule and budget of commercial minisatellites
[9]. With the advancement of novel monopropellants, some of these issues could also be mitigated,
thereby improving the position of chemical propulsion vis-a-vis electric propulsion.

Due to the availability of relevant data and the current and future relevance of the use case, the LEO
minisatellite constellation is thus selected as the case study for the comparative LCSA. While the LCSA
will only be performed for the propulsion system of one of the (identical) satellites in the constellation,
it is important to state that the satellite is part of a moderately sized constellation, as this will greatly
influence the propulsion system requirements. Due to the available documentation and the important
historic value of the mission, the SkySat platform will be used throughout the report as an important
reference for mission and system design.

5.3. Case study mission requirements

With a general case study selected, the next step is to further specify this case to the level of detail where
it can usefully inform the key propulsion system requirements for the considered spacecraft. The choice
is made to design a system used for Earth Observation as this is a use case where novel monopropellant
technology has been demonstrated before in the SkySat system, and because chemical propulsion is
most probably better suited than electric propulsion for this mission type. From this point on, the mission
being designed will be generically named the "EO system”.

Following the guidelines of Wertz and Larson [114], and the systems engineering V model [116], the
mission design starts by defining a mission need statement, after which the most relevant stakeholders
of the mission can be defined. Then, the key stakeholder requirements are set up, remaining at a
non-technical level and being defined in the language of the stakeholders in Subsection 5.3.2. Finally,
the key stakeholder requirements inform the key mission requirements in Subsection 5.3.3, which may
then flow down to the top level mission design parameters and the propulsion system requirements
in Subsection 6.2.1. Throughout the mission design process, systems engineering tools such as the
stakeholder needs analysis and the requirements discovery tree are used.

The mission need statement of the EO system is defined as follows:

EO-MNS: "As the global climate and different (man-made) systems are becoming more dynamic and
unpredictable, various stakeholders need high-resolution, regularly updated images of specific parts of
the Earth, so that their interests can be monitored and decision making can be informed by relevant
data.”

5.3.1. Key stakeholders

Considering the most relevant stakeholders for the EO system, there are three main groups. Firstly
there are the users of the EO data, each with their own requirements regarding the spatial, spectral
and temporal resolution of the EO data, potentially requiring the mission designer of an EO system to
prioritise specific users [146]. For the purposes of brevity, stakeholders using data or products derived
from the primary EO data will not be considered.

Secondly, there are also the stakeholders that are actively involved in the mission’s success. The most
prominent of these are the companies contracted to deliver components for the spacecraft, transporta-
tion companies, the launch provider, ground station operators and data processors. There are active
stakeholders throughout the system’s entire life cycle, and the requirements that they set need to be
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met at the risk of the entire mission not functioning properly.

Finally, there are the stakeholders who are passively in contact with the EO system, meaning that they
have an influence on its success or are indirectly influenced by it. This group includes various regu-
latory bodies dealing with the use of communications bandwidths or the pollution of orbital space, to
name two examples. The owners of other satellites are also passive stakeholders, as well as some
scientific groups being passively affected by the system in orbit: the astronomic community has often
voiced concerns that the immense growth of satellite constellations will interfere with their observations
[147]. Lastly, the "general public” is another important passive stakeholder, firstly including the local
communities that may be affected by the production of the EO system and secondly referring to society
as a whole, as the environmental impact of the EO system will contribute to global climate change.
Furthermore, the data provided by the EO system also affects society in the sense that a better under-
standing of climate dynamics and weather systems can help to predict natural disasters and as such
prevent excessive human suffering. An overview of the key stakeholders for the EO system is given in
Table 5.3.

Table 5.3: Overview of key EO system stakeholders

Users Active Passive

Industrial: agriculture,
transportation,

SH-US-01 . SH-AV-01  Suppliers SH-PV-01 Regulators
resource extraction,
construction, navigation
Scientific: environmental,

SH-US-02 hydrology, biology, SH-AV-02 Transpo.rtat|on SH-PV-02 Other spacecraft
geology, cartography, companies owners
archaeology
Political: lawmakers,

SH-US-03 mternatl(_)nal institutions, SH-AV-03 Lauqch SH-PV-03 Earth-based
non-profit groups, provider observers
intelligence services

SH-AV-04 Ground station SH-PV-04 Local Ny
operators communities

SH-AV-05 D2t SH-PV-05  Society
processors

5.3.2. Key stakeholder requirements

A proper definition of key stakeholder requirements would involve consulting a representative share of
the relevant stakeholders, which lies outside of the scope of this research. A non-exhaustive list of key
stakeholder requirements is set up instead, based on similar mission heritage and an estimation of the
stakeholders’ requirements. As the main goal of the use case definition is to inform a proper propulsion
system design, only the stakeholder and mission requirements that directly flow down to propulsion
system requirements will be completely specified.

Starting with the users, the main requirements are related to the spatial, spectral and temporal resolu-
tion of the EO data and the coverage that the EO system provides. Whereas industrial and commercial
applications of EO data may be mostly based on observations in the band of visual light, scientific
users may also require observations in the infrared and ultraviolet spectra. Furthermore, to allow for
useful data analysis, the repeatability of observations is another important factor for scientific users. An
overview of the main user requirements is given in Table 5.4.
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Table 5.4: Overview of key EO system user requirements

Label

Description

Rationale

REQ-SH-US-GEN-01

The EO system shall provide images
with a resolution of at most [TBD] m.

Users need to be able to
discern important details.

REQ-SH-US-GEN-02

The EO system shall provide images
which are updated at least every
[TBD] days.

Certain users will need regular updates of
the images, to monitor changing events
or make timely decisions.

REQ-SH-US-GEN-03

The EO system shall be able to image
specific areas, in the highest possible
detail of the system, within at most
[TBD] days.

Certain events may lead to
specific areas of focus, which need to be
monitored in a timely manner.

REQ-SH-US-GEN-04

The EO system shall cover remote
and large stretches of land.

For agriculture or resource extraction,
this is especially relevant.

REQ-SH-US-GEN-05

The EO system shall
image major inhabited areas.

For the transportation and
construction industry and policymakers,
this aspect may be more important,.

REQ-SH-US-SCI-01

The EO system shall provide
open access to (certain) images.

Providing open access to images
increases the potential of scientific
research using the data.

REQ-SH-US-SCI-02

The EO system shall provide
images in multiple spectral bands.

Different scientific disciplines
may require different bandwidth
information.

REQ-SH-US-SCI-03

The EO system shall make
observations of the same areas
over a period of at least [TBD]
years.

It is important for scientific research that
the area of interest is observed over a long
period of time, to be able to generalize or
extrapolate results.

REQ-SH-US-SCI-04

The observations made by the
EO system shall be repeatable
and clearly linked to a specific
time.

Repeatability and identical observation
conditions are important to conduct
reliable scientific research.

Moving to the active stakeholders, there are less requirements on the capabilities of the system and
more on its characteristics. From the perspective of the transportation companies and launch provider,
the total mass and volume of each of the satellites in the EO system will be the most important require-
ments. For the ground station operators and data processors, the key requirements are focused on
the time of contact between the spacecraft and the ground station, and the communication protocols
that the spacecraft uses. Once again, it is emphasised that the list of requirements presented in Ta-
ble 5.5 is certainly not complete, but this is not deemed to be necessary for the purposes of the current

investigation.
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Table 5.5: Overview of key EO system active stakeholder requirements

Label Description Rationale
Each spacecraft in the EO system The spacec_raft sho_u Id be able to t.)e
launched with existing launch vehicles,
REQ-SH-AV-01 shall have a dry mass of at most ) .
and be transported to the launch site with
[TBD] kg. L
exisiting and affordable means.
Each spacecraft in the EO system The spaceqraft sho_u Id be able to pe
launched with existing launch vehicles,
REQ-SH-AV-02 shall have a volume of at most ) .
3 and be transported to the launch site with
[TBD] m*. L
exisiting and affordable means.
The spacecraft used in the EO system shall Ignegjggee;:ﬁf"t hZ:isgf?h\éeh'adﬁ)z;oi:der
REQ-SH-AV-03 withstand all launch loads provided . y pay
; . . orbit, the system should respect the
in the launch vehicle guide. : ;
launch vehicle requirements.
The spacecraft used in the EO system shall  To limit costs, the system shall
REQ-SH-AV-04 use communications protocols that are make use of existing
in line with current standards. ground station infrastructures.
To limit the data sent per downlink,
REQ-SH-AV-05 The EO system shall transfer data to Earth regular contact with ground stations

in intervals of maximally [TBD] hours.

is preferred.

Finally, the passive stakeholders also set their own requirements for the system. Similar to the active
stakeholders identified in this chapter, the passive stakeholders for the EO system create requirements
for the system over its entire life cycle, thus also affecting the development and end-of-life (EOL) phases.
Table 5.6 gives an overview of the key requirements voiced by the passive stakeholders; it is again
acknowledged that this list is certainly not exhaustive.
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Table 5.6: Overview of key EO system passive stakeholder requirements

Label Description Rationale
The likelihood of a collision between
any spacecraft of the EO system and any The EO system should not
REQ-SH-PV-01 o . .
other object in space shall never be greater introduce new space debris.
than [TBD]%.
REQ-SH-PV-02 The EO sys:tem §h:_:1|| de-orbit at most [TBD] The EO system should no't
years after its mission ends. introduce new space debris.
The spacecraft used in the EO system shall use
REQ-SH-PV-03 demisable structures and materials for at LT;E&:?;\?;‘; Sggslgegor:s
least [TBD]% of its structural mass. P '
The EO system shall be visible in at most
REQ-SH-PV-04 [TBD]% of the night sky for at most The EO system shouild not overly
. disturb astronomical observations.
[TBD] minutes, every day.
The development and production of the EO TO avert a wqr§§ned climate crisis,
industrial activities should reduce the
REQ-SH-PV-05 system shall lead a total greenhouse gas
o burden they place on the natural
emission of at most [TBD] kg CO2eq. .
environment.
Industrial development should aim to
The development of the EO system shall be improve the living conditions of those
REQ-SH-PV-06 performed with fair and safe labour conditions, involved in the process, and not

under the definition of the UN SDG 8 [89].

perpetuate any existing social

injustices.

5.3.3. Key mission requirements

Now that the key stakeholder requirements have been identified, it is possible to formulate the key
mission requirements. These requirements relate to the entire EO system constellation. The way by
which these constellation system requirements flow down to the spacecraft system requirements will
be further specified in Section 5.4.

From the stakeholder requirements, there are five functional requirements which seem to hold the
most weight, related to the system’s spatial, spectral and temporal resolution, its overall coverage and
its ability to respond to changing events. Additionally, three non-functional requirements are crucial to
keep in mind: the first dealing with the orbit used by the system, the second dealing with the system
de-orbiting after its useful lifetime, and the third specifying the mission lifetime itself. An overview of the
key mission requirements is given in Table 5.7. Note that no values are filled in yet, as there is no main
stakeholder or clear mission goal to inform these values. As such, the existing literature and mission
heritage of similar missions will be consulted in Subsection 5.4.1 to determine specific numbers which
would make the EO system mission requirements feasible and unique.
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Table 5.7: Overview of key EO system mission requirements

Label Description Rationale

The EO system shall have a nadir Linked to REQ-SH-US-GEN-01: GSD is
REQ-EOS-01 pointing ground sample distance an important parameter to specify the

(GSD) of [TBD] m. spatial resolution of an image.

The EO system shall have a Linked to REQ-SH-US-GEN-02: to
REQ-EOS-02 revisit time of no longer than [TBD]  provide useful monitoring of evolving situations,

hours. an adequate temporal resolution is required.

Linked to REQ-SH-US-GEN-01,

The EO system shall image in the REQ-SH-US-SCI-02: to offer full colour images

REQ-EOS-03 : i and other scientific data of interest, the spacecraft
following spectral bands: [TBD]. . o
payload must be able to image in different spectral
ranges.
Linked to REQ-US-GEN-04,
REQ-US-GEN-05: the system should
REQ-EOS-04 The EOO system shall cover at least cover a considerable part of the Earth,
[TBD]% of the globe every day. .
to enable large-scale monitoring and
disaster monitoring.
The EO system shall be able to ;.\ ¢ {5 REQ-SH-US-GEN-03: "normal’
adjust its observations to cover fulfill ith |
an area of [TBD] km? coverage may be fulfilled with lower
REQ-EOS-05 resolution off-axis observations,

at the highest resolution of [TBD] m
GSD, within [TBD] days after the
provided command.

but if required this should be improved,
within a short time.

Linked to REQ-SH-US-GEN-01,
REQ-SH-US-GEN-02, REQ-SH-US-SCI-03,
REQ-US-SCI-04, REQ-SH-AV-05,
REQ-SH-PV-01, REQ-SH-PV-02:

the SSO orbits in LEO provide similar
lighting conditions when observing the
same area over time, additionally it allows
for a simplified data downlink and de-orbit.

Linked to REQ-SH-PV-01, REQ-SH-PV-02,
REQ-SH-PV-03, REQ-SH-PV-04: as a
constellation of spacecraft will be used,
proper measures should be in place to
minimize the risk of collision with other
active or inactive spacecraft.

Linked to REQ-US-SCI-03, REQ-SH-PV-01:

The EO system shall orbit in
REQ-EOS-06 Sun-synchronous LEO at an
altitude of [TBD] km.

The EO system shall actively
REQ-EOS-07 de-orbit within [TBD] years
after its service lifetime.

The EO system shall have a users of the EO data should have the guarantee
REQ-EOS-08 mission lifetime of that the data will be provided over a certain
at least [TBD] years. period, and other spacecraft owners should

know how long the system will be in orbit.

Although the rationale behind each mission requirement is provided in Table 5.7, an additional note is
required for REQ-EOS-06. It may seem as though this requirement is already venturing substantially
into the solution domain of the mission design. However, it is deemed that the decision of the orbit
type is so high-level and influential for other requirements that it may be something that is decided in
conjunction with the overall mission concept. The specific choice for a Sun-synchronous orbit (SSO) is
informed by its unique characteristic that the orbit's node of right ascension, i.e. where the spacecraft
crosses the Earth’s ecliptic, precesses at the same rate as the Earth’s rotation around the Sun [148].
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This results in the feature that a spacecraft in this orbit can image the Earth under identical lighting
conditions throughout the entire year. Furthermore, by selecting the appropriate orbital parameters,
one may also specify the orbital repeat period. These features have made the SSO very popular for
EO missions, as will be further discussed in the following section.

5.4. Case study mission design

To further specify the mission requirements set up in Subsection 5.3.3, additional information about
the EO system needs to be obtained. As the mission design for this case study is informed by a
very generic mission need statement and does not have external stakeholders to state a clear desired
performance, heritage missions similar to the EO system concept will be consulted for inspiration. After
the most relevant missions have been discussed, Subsection 5.4.2 will perform the basic calculations
to further specify and finalise the mission requirements. Furthermore, other key mission parameters
will be determined to provide a basis for the propulsion system requirements in Chapter 6.

5.4.1. Mission heritage

As discussed in the motivation for choosing the LEO minisatellite constellation case study, there is a
considerable number of well-documented heritage missions to investigate. Uniquely there has already
been a successful demonstration of monopropellants in this use case: the SkySat constellation owned
by Planet. The constellation consists of two spacecraft that served as a proof of concept, and 19 others
that include improved attitude control through reaction wheels and a novel monopropellant system using
LMP-103S, developed by ECAPS [133]. The SkySat platform was groundbreaking for several reasons.
Firstly, through the use of advanced data processing, the satellite observations achieve a sub-meter
resolution forimages in full colour [149]. The relatively large size of the constellation also meant that the
spacecraft manufacturer, Maxar Technologies, was able to benefit from a learning curve dynamic where
the number of labour hours for the production of each subsequent spacecraft decreased, asymptotically
approaching a minimum [150]. The application of novel monopropellant technology in this commercial
mission is also historically unprecedented and provides a valuable example for future missions.

The main mission parameters for the SkySat constellation are provided in Table 5.8. All 21 spacecraft
in the constellation are still active, albeit in three different orbits, as the table indicates. SkySat 1 and 2
orbitin a 600 km altitude SSO, whereas SkySat 3-15 orbitin a 450 km SSO, lowered from the initial 500
km orbit. Lastly, SkySat 16-21 have a non-SSO LEO orbit, which is inclined and at an altitude of 400 km,
with the purpose of improving the coverage of the overall constellation. The lower orbits of SkySat 3-21
are possible thanks to the inclusion of the propulsion system that counteracts the atmospheric drag at
lower orbit altitudes. The advantage of orbiting at a lower altitude is that this leads to an improved GSD.
The GSD presented in Table 5.8 applies to the panchromatic imaging mode of SkySat 16-21, after
data processing. Furthermore, one should note that the revisit time given in the table holds for a single
spacecraft and indicates the minimum time elapsed before a specific spacecraft in the constellation can
image the same target again, possibly with an off-axis observation. This depends on the ground-track
repeat period of the spacecraft’s orbit but is not exactly the same parameter.

Before the launch of the first SkySat satellite in 2013, another EO constellation had already paved the
way in the field of commercial minisatellite constellations. The RapidEye system, developed by the
German company RapidEye EG and now also operated by Planet, consists of five identical spacecraft
in a SSO at + 630 km altitude. The main customers that RapidEye had in mind for the system were the
agricultural industry, international institutions and cartographers [153]. The key mission parameters for
this mission are given in Table 5.9.

Next to these two commercial constellations, NASA’'s A-Train is an important example of a scientific EO
constellation in LEO. This constellation differs from the SkySat and RapidEye examples in many ways.
Firstly, the constellation is made up of six individual spacecraft, each with their own design and mission
objectives. Secondly, the observations of each spacecraft serve scientific purposes, mostly related to
climate and atmospheric science, as opposed to commercial ones. As such, the advantages of constel-
lation flying lie more in the fact that different scientific observations of the same area can complement
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Table 5.8: Key mission parameters for the SkySat constellation, data from [151], [152].

Constellation name: SkySat
# spacecraft: 21
Best-case GSD [m]: 0.57
Revisit time (spacecraft)

4-5
[days]:

Blue, Green, Red,

Near Infrared, Panchromatic
600 km SSO,
Constellation orbit(s): 450 km SSO,

400 km non-SSO

5

Spectral bands [-]:

Planned mission
lifetime [years]:
Spacecraft wet
mass [kg]:

120

SkySat 3-21: 4x1N
Propulsion system type: | HPGP monopropellant
thrusters

Table 5.9: Key mission parameters for the RapidEye constellation, data from [153], [154].

Constellation name: RapidEye
# spacecraft: 5
Best-case GSD [m]: 6.5
Revisit time (spacecraft) <5
[days]:

Blue, Green, Red,

Near Infrared, Red edge
Constellation orbit(s): 630 km SSO

Planned mission 7

lifetime [years]:
Spacecraft wet
mass [kg]:

Spectral bands [-]:

150

Xenon cold gas

Propulsion system type: resistojet thruster

and thereby improve each other [155]. Since 2018, there are two spacecraft in the constellation flying
in a different orbit, at an altitude 16.5 km lower than the A-Train orbit. This part of the constellation is
called the C-Train, named after the CALIPSO and CloudSat missions flying in it [156]. In the overview
of constellation parameters presented in Table 5.10, some entries are not specified or only filled in with
a range of values, due to the fact that each of the A-Train spacecraft feature very different designs and
payloads.

For the case study at hand, the most relevant aspect of the A-Train constellation is the fact that some of
the spacecraft are based on a standardised bus. For example, the PARASOL spacecraft, which ended
operations in 2013, is built on the Myriade minisatellite platform, with a wet mass of around 120 kg
[157]. As another one of the smaller spacecraft in the constellation, the CALIPSO spacecraft uses the
CNES/Thales Alenia Space Proteus platform, with a total launch mass of around 590 kg [158], [159].
Both platforms use a monopropellant hydrazine system, providing a valuable design reference for the
conceptual design of the propulsion system for the investigated case study.

Moving away from LEO constellations, there are three single satellite missions that are also very rele-
vant for the application of novel monopropellants in LEO minisatellites. The joint Swedish Space Corpo-
ration (SSC)/ESA project PRISMA was launched in 2009, serving as a technology demonstrator for the
ECAPS 1 N HPGP thruster using LMP-103S, formation flying and micropropulsion [26]. Next, launched
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Table 5.10: Key mission parameters for the A-Train constellation, data from [156].

Constellation name: A-Train and C-Train

# spacecraft: 4 (A-Train) +2 (C-Train)
Best-case GSD [mn]: -

Orbital repeat period <16

[days]:

Spectral bands [-]: Numerous

Constellation orbit(s): 705 km SSO (A-Train), 688.5 km SSO (C-Train)
Planned mission
lifetime [years]:
Spacecraft wet
mass [kg]:
Propulsion system type: | Various, mostly monopropellant hydrazine

120-3000

in January 2019, JAXA's RAPid Innovative payload demonstration Satellite 1 (RAPIS-1) included a 1
N Green Propellant Reaction Control System (GPRCS) thruster using the Japanese HAN-based EIL,
SHP163 [70]. Finally, the NASA Green Propellant Infusion Mission (GPIM), launched in June 2019,
demonstrated the performance of ASCENT with Aerojet Rocketdyne’s 1 N GR-1 thruster [160]. Each
of these novel monopropellant demonstration missions was largely successful, proving the claimed
performance improvements that the respective propellant offers with respect to hydrazine. Table 5.11
gives an overview of these technology demonstration missions. While these spacecraft were purposely
built to demonstrate the novel monopropellant system and other experimental payloads, the propulsion
system design and development process can still be a relevant reference for the investigated use case.

Table 5.11: Overview of novel monopropellant demonstration missions, data from [51], [62], [70], [160], [161].

s Mission duration Spacecraft Propellant Propulsion system
Mission name Launch date .
[years] wet mass [kg] type architecture
LMP-103S, 2x 1N HPGP,
PRISMA 15-06-2010 5 140 Hydrazine  6x 1N hydrazine
RAPIS-1 18-01-2019 1.5 + 200 SHP163 1x 1N GPRCS
GPIM 25-06-2019 1.25 + 180 ASCENT 5x 1N GR-1

5.4.2. Finalised mission requirements and key design features

Having considered the mission heritage for the EO system concept and the mission design process of
these spacecraft, there are three design decisions that need to be made before the mission require-
ments can be specified to a level that usefully informs the propulsion system design. These are: the
type of imaging that the system will perform, the exact SSO orbit used by the constellation, and the
mission lifetime. Addressing each of these design elements, it is decided that the EO system will be
considered as a next-generation successor to the RapidEye and SkySat platforms. As the SkySat satel-
lites are approaching their planned mission lifetime, it is deemed realistic that a similar constellation will
be designed to maintain the high-resolution imaging services that Planet is able to provide. In fact, the
Planet Pelican constellation is meant to do exactly that: planned for a first launch in 2023, this 32 satel-
lite constellation will upgrade the SkySat constellation by providing higher resolution images at a higher
revisit rate [162]. While the design is still not entirely known, it is claimed that these spacecraft will use
electric propulsion instead of the novel monopropellant propulsion that was successfully demonstrated
onboard SkySat [163].

Keeping in mind the design goal of updating SkySat, the EO system should have imaging capabilities
in the same spectral range. Next, an appropriate Sun-synchronous orbit is selected. Using the method-
ology provided by Boain, a set of orbit parameters can be selected to achieve a desired revisit time
and adjacent ground track distance [148]. In this context, it is firstly important to clarify that adjacent
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ground tracks are two tracks separated by the smallest distance on Earth once all the ground tracks
of a single orbit repeat cycle have been laid down, i.e. before the orbit ground track starts tracing over
itself again. This parameter is important for the coverage provided by the constellation, as the swath
width of the imaging payload should ideally cover a large part of the adjacent ground track distance.
With Al being the on-ground adjacent ground track distance and «. the Earth’s radius, R provides the
number of orbital revolutions in a single repeat cycle, following Equation 5.1.

2Tae
R =
Al

(5.1)

By choosing a desired repeat cycle period, it is then possible to determine the orbital period and thus
the orbit’s radius, knowing that SSOs are always circular. With D being the desired number of days in a
repeat cycle, Equation 5.2 gives the orbital period P, given that a mean solar day is 86400 s. Using the
relation between an orbit's semi-major axis and period, Equation 5.3 specifies the orbit's semi-major
axis a, with i being the Earth’s gravitational parameter (= 398600 km?/s?). To deliver repeatable and
intuitive observational products, it is desirable that the repeat cycle occurs after an integer number of
days, such that the time of Equatorial crossing of the orbit remains the same after each repeat cycle.
Aiming to match SkySat, it is chosen to have a repeat cycle of 7 days for the EO system.

2
P = 564002 (5.2) a=¢lu (P) (5.3)
R 2w
To trace exactly the same ground track path in each repeat cycle, the number of revolutions per repeat
cycle should be an integer number. For this parameter however, there is no data available from SkySat
and RapidEye to base the new system on. Instead, a goal may be to ensure that the orbit's semi-major
axis lies in between the SkySat and RapidEye constellations. The reasoning for this is that the mission
should ideally have a longer lifetime than SkySat, thereby dictating a slightly higher orbit for reasonable
orbit maintenance requirements, while still achieving similar image quality, thus requiring a lower orbit
than RapidEye. As an initial goal, an orbit altitude of 550 km is assumed. Then, the adjacent ground
track distance is adjusted through trial and error to find a value resulting in an integer number for R
while still remaining close to an orbit altitude of 550 km. This process leads to a combination of 105
revolutions per repeat cycle of 7 days, corresponding to an orbit altitude of 566.89 km and an adjacent
ground track distance Al of 381.666... km. In the terminology proposed by Boain, this orbit can be
named 7D105R [148].

To verify whether the chosen orbit could facilitate the same degree of temporal resolution and coverage
that SkySat provides, one can consider the distance between two consecutive ground track passages,
also known as the fundamental interval. This parameter is found by multiplying the adjacent ground
track distance by the number of days in the repeat cycle, resulting in a value of 2671.67 km in the
EO system’s case. For SkySat, the fundamental interval equals 2637 km. In a conference paper
on SkySat’s flight dynamics, Hawkins et al. describe that this spacing between consecutive passes
of a single satellite is covered by the successive passes of four other SkySat satellites following the
same orbit, in different phasing positions [164]. As such, the effective spacing between ground tracks
of the five SkySats together amounts to 527.4 km, which is within the swath width of 585 km of each
satellite, assuming an allowable off-nadir angle of 30 °. Assuming that the EO system would use similar
imaging hardware and be made up of at least five spacecraft, the fundamental interval of 2671.67 km
is therefore deemed to be acceptable. In reality, the constellation could be made up of many more than
five spacecraft, as in SkySat’s case, but the choice of constellation size would depend on various other
factors which are outside the scope of this conceptual mission design.

The final step in the design of the desired orbit is to calculate which orbital inclination 4, results in a
Sun-synchronous rate of precession in combination with the orbit’s semi-major axis. Once again using
the equations provided by Boain, Equation 5.4 provides the angular rate by which the node of right
ascension precesses due to the Earth’s equatorial bulge, represented by the harmonic coefficient Js,
equal to 0.00108263 [148]. To satisfy the condition of a Sun-synchronous orbit, 7 should be chosen such
that the rate of nodal precession is equal to the orbital rate with which the Earth rotates the Sun, thereby
guaranteeing a fixed relative orientation between the orbit and the Sun. With the idealisation that the
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Earth’s orbit is circular, this rate is equal to: 27/(365.242199 - 24 - 3600) = 1.99097 rad/s. Working
out Equation 5.4 with the previously calculated value for a, it is found that the orbit should have an

inclination of 97.658 °.
3 ac\2 | )
—§J2 (;) a,is . COS(Z)

With the orbit selected, the only mission parameter left to choose is the mission lifetime. Considering
the heritage that has been built with SkySat and RapidEye, a first assumption in this decision is that
hardware improvements will be possible, increasing the reliability of the spacecraft in the EO system.
Secondly, itis noted that both the RapidEye and SkySat systems have been able to outlive their planned
mission lifetime. Thirdly, it is also assumed that with an increase in the wet mass budget and a higher
orbit altitude, the EO system’s planned lifetime may realistically be chosen to be longer than the SkySat
planned mission lifetime of 5 years. Taking the Pléiades Neo EO constellation, built and operated by
Airbus, as a reference, a mission lifetime of 10 years is thus envisioned for the EO system [165].

Q= (5.4)

With the definition of the desired spectral resolution, the constellation orbit and the mission lifetime,
a finalised set of mission requirements for the EO system is presented in Table 5.12. REQ-EO0S-04
and REQ-EOS-05 are not yet specified, as this would require investigating a feasible size for the EO
system constellation, which is outside the scope of this research, as mentioned above. While REQ-
EOS-05 could place certain requirements on the propulsion system of each spacecraft, it is decided

not to account for this functionality in the propulsion system sizing.

Table 5.12: Finalised list of key EO system mission requirements

Label Description Rationale
Th_e I_EO system shall havg a nadir The EO system shall provide performance
REQ-EOS-01 pointing ground sample distance similar to SkvSat
(GSD) of at most 1 m. y=at.
REQ-EOS-02 The EO system shall have a The EO system shall provide performance
revisit time of no longer than 7 days.  similar to SkySat.
The EO system shall image in the
REQ-EOS-03 following spectral bands: Blue, The EO system shall provide performance
Green, Red, Near Infrared, similar to SkySat.
Panchromatic.
REQ-EOS-04 The EO system shall cover at least The exact number depends on constellation
[TBD]% of the globe every day. size, which is not yet defined.
The EO system shall be able to
adjust its observations to cover
REQ-EOS-05 an area of [TBD] km#2 The exact number depends on constellation
at the highest resolution of 1 m size, which is not yet defined.
GSD, within [TBD] days after the
provided command.
The EO system shall orbit in . .
REQ-EOS-06 Sun-synchronous LEO at an S?:?desglgtr:étslo(;aslg%litrlr?ns and
altitude of 566.89 km. 9 '
The EO system shall actively Based on a requirement set by
REQ-EOS-07 de-orbit within 5 years the US Federal Communications
after its service lifetime. Commission [121].
REQ-EOS-08 The EO system shall have a mission Based on a mission

lifetime of at least 10 years.

target to equal Pléiades Neo performance.
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As a starting point for the propulsion system design in Chapter 6, Table 5.13 provides an overview of
the key parameters for the EO system case study. Each of these parameters is directly defined by one
of the mission requirements, except for the selected dry mass of 150 kg. This parameter was instead
inspired by the heritage of the RapidEye constellation, where each spacecraft had a wet mass of 150
kg, with a much less performant propulsion system [153]. Considering that the EO system is designed
to operate for an additional three years and actively de-orbit, it is also likely that the dry mass would
be higher. Furthermore, a system dry mass of 150 kg is also approximately in line with the various
technology demonstration missions for novel monopropellants shown in Table 5.11, providing a first
indication that suitable flight hardware will be available for the design of the propulsion systems in
Chapter 6.

Table 5.13: Key mission parameters for the EO system constellation

Constellation name: EO system
# spacecraft: >5
Best-case GSD [m]: 1
Revisit time (spacecraft)

<7
[days]:

Blue, Green, Red,

Near Infrared, Panchromatic
Constellation orbit(s): 566.89 km SSO, 97.66° inclination
Planned mission

Spectral bands imaged [-]:

lifetime [years]: 10

Spacecraft dry <150

mass [kg]:

Propulsion system type: Monopropellant system

5.5. Conclusion

For the design of the various propulsion systems that will be compared in the LCSA, the definition
of a clear use case is beneficial, as this will provide a proper justification for assumptions and also
clearly set the requirements that each propulsion system needs to meet. As such, this chapter has
investigated various possible case studies and detailed the top-level parameters for the selected use
case. The initial qualitative comparison between five possible case studies indicated that the main
monopropellant propulsion system for a minisatellite used in an Earth Observation constellation in SSO
features existing heritage for novel monopropellants and is of high relevance for the future growth of
the space industry. Using systems engineering practices, stakeholder and system requirements for
this conceptual mission have been set up, to replicate a realistic mission design process.

The most important mission heritage for this case study was found in the RapidEye and SkySat con-
stellations, both using minisatellites to deliver commercial EO products. Furthermore, various novel
monopropellant technology demonstration missions have also been identified to provide useful data
for the propulsion system design. By defining the spacecraft's maximum dry mass, its orbital parame-
ters and mission lifetime, the conceptual mission design provides the main input data for the definition
of propulsion system requirements in the next chapter.



Propulsion System Design

6.1. Introduction

In this chapter, a top-level design is set up for the different propulsion systems that will be investigated
in the LCSA. Comparing the system performance and sustainability of various monopropellants can
be done in several different ways, each with their own merits and shortcomings. One option is to take
a baseline design using hydrazine, then replacing the propellant by another monopropellant, with the
same allowable mass or volume, and then considering what improvements or shortcomings this new
system has with respect to the baseline design. In the case of a novel monopropellant with improved
I,,, this could mean that the feasible mission lifetime may increase. In this way, the functional unit
of the LCSA would be a propulsion system with a specified propellant capacity, expressed in terms
of mass or volume. Another way of comparing the systems is to start with the system requirements
and to design a separate propulsion system, completely fulfilling these requirements, for each of the
considered propellants. In this method, the advantages of more energetic propellants are reflected
by a lower system mass and thereby a reduction in the amount of materials and energy used during
production. Furthermore, this design method ensures that all the selected components in each system
are fully compatible with the respective propellants. For the LCSA, the functional unit resulting from
this design method would be a propulsion system fulfilling the requirements for a specific use case.

As this research wishes to determine how the choice of propellant influences the system-level sustain-
ability of the propulsion system, it is decided to follow the latter design method, because this approach
places the propellant choice at the initial design stage and lets this choice completely influence the siz-
ing and component selection of the propulsion system. It is also deemed that this design approach is
more similar to what would take place if the EO system was actually developed. The design process is
further detailed in Section 6.2, going over the key propulsion system requirements, design constraints
and assumptions, as well as the general method used for the propellant trade-off and system sizing. In
Section 6.3, a number of propellants will be selected by means of a trade-off. Finally, Section 6.4 dis-
cusses the final conceptual design for each of the considered propellants and provides a comparison
of their key characteristics.

6.2. Design methodology

In this section, the general design space for the propulsion systems will be outlined. First, a set of
propulsion system (PS) requirements will be proposed based on the key mission requirements stated
in Table 5.12 and other more general considerations for propulsion systems. Next to the system require-
ments, Subsection 6.2.2 will set out a general PS concept that each of the propellants’ designs should
accord to. While certain propellants may allow for design changes at the system-level, increasing the
system’s efficiency or capability, the main goal of this design exercise is to create a comparable system
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design for each of the propellants. To justify the system requirements and constraints, key assumptions
are addressed in Subsection 6.2.3. Finally, Subsection 6.2.5 will describe the methodology applied in
the propellant trade-off and the relevant calculations for the PS sizing and component selection.

6.2.1. Design requirements

The main mission requirements affecting the propulsion system design are REQ-EOS-06, REQ-EOS-
07 and REQ-EOS-08, respectively specifying the spacecraft’s orbit, de-orbiting procedure and mission
lifetime. These mission features have a great influence on the required manoeuvres and so-called
AV budget, informing the required propellant mass for the mission. The first step in defining the PS
requirements is to determine the AV budget and translate this into the main functional requirements for
the PS. After defining the AV budget of the system, other functional and non-functional requirements
will be formulated based on heritage of similar propulsion systems.

There are generally four manoeuvres, either singular or recurring, which make up the AV budget of
the PS. Firstly, to position the spacecraft into its correct slot in the EO system’s Sun-synchronous orbit,
an initial phasing manoeuvre is performed. Based on a design AV budget for the SkySat system, this
initial phasing is estimated at 10 m/s [152]. After this manoeuvre, the system enters its operational
lifetime wherein it must maintain its orbital altitude and phase position within the constellation. Using
an approximation from Wertz et al., the required velocity increment to maintain an orbital altitude of
around 550 km and counteract the disturbances due to aerodynamic drag and solar radiation (with the
assumption that the Solar activity over the mission is of an average intensity) is around 3 m/s each
year [114, p.177]. Multiplying this by the design lifetime of 10 years, this leads to 30 m/s in total. The
estimated budget for phase maintenance is again sourced from the SkySat requirements, where a total
of 5 m/s is allotted for the mission lifetime of 5 years [152]. As the EO system’s lifetime is twice as long,
a budget of 10 m/s is therefore required for phase maintenance.

The third contribution to the AV budget accounts for collision avoidance. Once again, the appropriate
velocity increment is taken over from the SkySat propulsion system design. Hawkins et al. describe
that for SkySat 3-7, a total of 40 potential collision events were identified over the course of July 2016 to
April 2017 for SkySat 3, and mid-September 2016 to April 2017 for SkySat 4-7 [164]. Taking the average
per spacecraft per month, this leads to a value of 1.11 potential collision avoidance manoeuvres per
month, or 13.33. over the course of a year. With a maximum manoeuvre magnitude of 0.1 m/s, this
results in an allocation of 1.33 m/s per year, or 13.33 m/s in total over the mission lifetime.

The last manoeuvre in the EO system’s AV budget is a burn to de-orbit after its mission lifetime. To
comply with REQ-EOS-07, the spacecraft should enter an orbit by which it will re-enter in the Earth’s
atmosphere within 5 years. With the conservative assumptions that the orbital decay acts with minimal
Solar activity and for a 100 kg satellite, data from Yost et al. indicates that a 440 km circular orbit would
suffice to meet REQ-EOQS-07 [121, p.347]. Using standard astrodynamic calculations, one finds that the
velocity in the initial 566.89 km orbit is around 7.58 km /s and that an increase of 70.17 m/s is required
to reach the circular orbital velocity of 7.64 km/s at the altitude of 440 km. With all the manoeuvres
quantified, Table 6.1 gives an overview of the entire AV budget. To account for uncertainties and
provide a propellant margin, a safety margin of 15% is added to the total velocity increment budget.
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Table 6.1: AV budget for the EO system propulsion system

Manoeuvre AV [m/s]
Initial phasing 10

Orbit maintenance

(drag compensation 10x4

and phase maintenance)

Collision avoidance 10 x 1.333...
De-orbiting 70.17
Sub-total 133.50

15% margin 20.03

Total 153.53

Next to the AV budget, there are various other functional requirements specifying how the propulsion
system should perform. One can generally consider that a monopropellant propulsion system for a
spacecraft has three main tasks. Firstly, it should safely store the propellant for the duration of the mis-
sion, considering the mechanical and thermal environment that the spacecraft is exposed to. Secondly,
the propulsion system should safely and reliably feed propellant to one or more thrusters. Lastly, the
propulsion system should ensure that the desired manoeuvres are performed through the operation of
the thruster(s). These three general tasks inform most of the functional requirements.

In the context of non-functional system requirements, it is found that the specification of mission life-
time and reliability are two key specifications. Furthermore, the use of commercial-off-the-shelf (COTS)
components is specified to ensure that the design is feasible to produce in the context of a commer-
cial EO constellation. The various space system budgets limiting the mass, volume, power use, data
transfer rate and development cost of the PS are also very important non-functional requirements.

Following this identification of requirements for the propulsion system, as well as the findings from a
requirements discovery tree, Tables 6.2, 6.3 and 6.4 give an overview of the PS requirements consid-
ered in the design process. As in the definition of mission requirements, this list of requirements is not
exhaustive, but it is deemed that this enumeration provides a robust basis for the design choices and
sizing that will be performed in Section 6.4. The key PS requirements are indicated by a boldfaced
label, indicating that they are driving for the PS design.
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Table 6.2: Overview of EO system propulsion system requirements, part 1. Bold indicates key requirements.
Label Description Rationale Verification
method
REQ-PS-BUD-01 |1 Propulsion system shall have = g ,o0 o skysat [141] Inspection
a total dry mass of less than 11 kg. y ' P
The propulsion system shall have .
REQ-PS-BUD-02 a total volume of less than 0.04 m3. Based on SkySat [152]. Inspection
The propulsion system shall have
REQ-PS-BUD-03  a nominal power consumption of Based on GPIM Testing
and SkySat [67], [141].
up to 32 W.
The propulsion system shall have
REQ-PS-BUD-04  a peak power consumption of up Based on GPIM [67]. Testing
to 100 W.
The propulsion system shall have o
REQ-PS-BUD-05  a peak data transmission rate of Sg;m:es?aatea later Testing
up to [TBD] bit/s. gn stage.
The propulsion system shall have o
REQ-PS-BUD-06  a total development cost of less Sgseim:zc:aatea later Demonstration
than [TBD] €. gn stage.
The propulsion feed system shall
deliver propellant to the thrust Common value for
REQ-PS-FEED-01 chamber assembly at a minimum similar systems Testing
chamber pressure of 25 +- 3 bar [62], [67], [132].
at beginning of life.
The propulsion feed system shall
deliver propellant to the thrust Blow-down of 4:1 is common
REQ-PS-FEED-02 chamber assembly at a minimum for similar systems Testing
chamber pressure of 6.25 +- 1 bar [62], [67], [132].
at end of life.
D St ol v Saty prcauton o
REQ-PS-FEED-03 L loading and launch Inspection
respect to propellant flowing into rocedures
the thrust chamber assembly. P ’
The propulsion system shall Longer lifetime than
REQ-PS-GEN-01 fulfill all its requirements over the SkySat, similar to Pléiades Analysis
mission lifetime of 10 years. Neo satellites [165].
pa. ) The propulsion system shall have Specified at a later :
REQ-PS-GEN-02 i ia reliability of at least [TBD]%.  design stage. Analysis
All components in the propulsmn The propulsion system
system, with the exception of the should be produced in
REQ-PS-GEN-03  propulsion tank and the thruster P Demonstration

assembly, shall be readily
available as COTS components.

series and with reduced
cost.
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Table 6.3: Overview of EO system propulsion system requirements, part 2. Bold indicates key requirements.
Label Description Rationale Verification
method
The propulsion system shall
pa. i provide a velocity increment Based on SkySat [152] Analysis/
REQ-PS-PERF-01 of 11.5 m/s for initial + 15% margin. Testing
orbit phasing.
The propulsion system shall
e i provide a velocity increment Calculation [114], [152] Analysis/
REQ-PS-PERF-02 of 4.6 m/s per year for + 15% margin. Testing
orbit maintenance.
The propulsion system shall
pa. i to provide a velocity increment Based on SkySat [164] Analysis/
REQ-PS-PERF-03 of 15.33 m/s per year, for + 15% margin. Testing
collision avoidance.
The propulsion system shall
REQ-PS-PERF-04 provide a velocity increment Calculation Analysis/
of 81 m/s for de-orbiting at + 15% margin. Testing
end of life.
The propulsion system shall
REQ-PS-PERF-05 deliverits nominalthrustwith - go00 4 on HPGP [62] Testing
an accuracy of 5% at
beginning of life.
The propulsion system shall
; o ; Based on GPIM .
REQ-PS-PERF-06 aphleve a minimum impulse and Aerojet MR-103J [67], [125]. Testing
bit of 15 mNs.
v ) The propulsion system shall .
REQ-PS-PERF-07 be capable of 30000 restarts. Based on POLON [34]. Testing
The propulsion system shall
REQ-PS-PERF-08 be capable of a total firing Based on POLON [34]. Testing
time of 3 hours.
The propulsion system shall be
REQ-PS-PERF.q9 Capable of completing a Based on HPGP [137]. Testing
maximum continuous firing
time of 75 s.
The propulsion system shall be
REQ-PS-PERF-10 capable of completing a Based on HPGP [62]. Testing
minimum firing time of 100 ms.
The propulsion system shall
REQ-PS-PERF-11  reach nominal thrust within Based on HPGP [62]. Testing
70 ms of thruster operation.
The propulsion system shall e .
REQ-PS-PERF-12 deliver [TBD]% of its nominal Specified at a later Analysis/
e . design stage. Testing
specific impulse at end of life.
The propulsion system shall : A
deliver no less than 25% of its BIOV\{ d_own of 4:1 is common Analysis/
REQ-PS-PERF-13 ; for similar systems .
nominal thrust level at [62]. [67], [132] Testing
end of life. ’ ’ ’
The propulsion system shall
REQ-PS-PERF-14 have a start-up time of no Based on SkySat [141] Testing
more than 30 minutes.
. To limit the requirements for
The propulsion system shall be ;
REQ-PS-PERF-15 capable of providing impulse the ACS, the propulsion system Demonstration

changes in 3 degrees of freedom.

should allow for manoeuvres
in different axes.
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Table 6.4: Overview of EO system propulsion system requirements, part 3. Bold indicates key requirements.

Label Description Rationale Verification
method
The propulsion system shall
store the propellant during the
REQ-PS-STOR-01 mission lifetime of 10 years, Spe_mﬂed at a later Testing
with an allowable passive design stage.
decomposition of propellant
mass of [TBD]%/year.
The propulsion system shall
REQ-PS-STOR-02 store the propellant within Baseline for hydrazine Testing
a temperature range of [12].
275-387 K.
2t loast doubi aul tolerant ~ S2fely precaution or
REQ-PS-STOR-03 loading and launch Inspection

with respect to propellant flowing

out of the tank. procedures.

6.2.2. Design constraints

Next to the requirements that the design should fulfil, the PS design space is narrowed down at the
beginning of the process by setting out a number of design constraints. The first constraint is quite
obviously that the system will be a monopropellant system. Using the definition proposed by Nosseir et
al., this implies that the system uses "any propellant that is stored in a single tank and is able to decom-
pose from its storage form by the help of a catalyst or other ignition method, such as thermal or electric
ignition [...], as long as it does not require another separately stored propellant for decomposition” [12].
Furthermore, it is fixed that the monopropellant system being designed is the only propulsion system
on board the spacecraft. As a result, all the requirements need to be fulfilled solely by this system
and all auxiliary components (e.g. heaters, electronics) are designed only to serve the monopropellant
system.

Monopropellant systems are developed following different architectures; a prime distinction between
the architectures is the way in which the propellant is driven out of the tank, as discussed in Subsec-
tion 2.2.2. In the case of monopropellant systems for a use case with a relatively low total impulse,
pressure-fed systems are typically preferred due to their simplicity, leading to a lower total mass and
cost and a higher reliability than pump-fed systems. Within the category of pressure-fed systems, an-
other distinction is made between pressure regulated and blow-down systems, where the latter option
stores the pressurant together with the propellant in a singular tank, leading to a system with lower dry
mass, but a decreasing thrust performance over time.

Considering the specifics of the investigated use case, where system simplicity, reliability and devel-
opment cost are at least as important as the delivered performance, it is decided to use a blow-down
system with an elastomeric diaphragm tank for the case study. This choice is motivated not only by the
extensive heritage of this type of architecture, being employed in many hydrazine systems and in the
technology demonstration missions of the three prominent EIL novel monopropellants [62], [67], [70],
[132], but also by the fact that this type of architecture can be proportionally scaled up or down accord-
ing the required propellant load for each propellant, which is not necessarily the case for blow-down
tanks using propellant management devices. For the purposes of the LCSA later in this research, it
is desirable that the differences between the designed systems reflect the differences between each
of the propellants as much as possible, even if one may have to use fixed component sizes in reality.
As implied by the system requirements REQ-PS-FEED-02 and REQ-PS-PERF-13, a blow-down ratio
(BDR) of 4:1 will be used, meaning that the volume of the pressurant gas increases fourfold over the
mission lifetime. This choice is informed by the design of propulsion systems for similar use cases [62],
[67], [132].
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Along with the choice of feed system, the rest of the system architecture is also constrained for any
choice of propellant. There are three main motivations for imposing this constraint. Firstly, a common
system architecture ensures that all designed propulsion systems will comply with the propulsion sys-
tem requirements set out in Subsection 6.2.1. This is especially relevant for the requirements related to
overall system safety and redundancy. Secondly, this design constraint will facilitate a more straightfor-
ward approach for data collection in the LCI phase of the LCSA, as similar components will be selected
for each propellant option. While this potentially takes away some benefits of specific monopropellants,
a third motivation for the constraint does not consider this to be a drawback, as it aims for the differ-
ent propulsion systems to be as similar as possible. This final motivation is based on the common
claim that novel monopropellants can act is simple "drop-in replacements” for hydrazine, and therefore
wishes to allow for a sustainability comparison of such a replacement.

Figure 6.1 provides a schematic for the common system architecture that will be used for each of the
monopropellant options. This design is based on heritage architectures found in literature and repre-
sents a generic system that is often used in small hydrazine propulsion systems and also been adopted
in novel monopropellant demonstration missions [62], [67], [132], [166]. It contains two service valves
to fill and drain pressurant and propellant, one spherical propellant tank using an elastomeric diaphragm
to separate the helium pressurant from the propellant, an orifice to set the downstream system pres-
sure, one pressure transducer, one filter, one latch valve acting as an isolation valve between tank and
thruster, and four 1 N thrusters, each including a doubly redundant flow control valve.

Pressurant Service
Valve

Propellant

Propellant Service VA Orifice
Valve
& O Pressure
Transducer
Filter
Latch Valve
IN Thrusters

Figure 6.1: Common propulsion system architecture, collage using [62], [141]

The common system architecture also specifies two other important design constraints, namely that the
system is pressurised using gaseous helium, and that four 1 NV thrusters are used. As an alternative
to using helium as the pressurant gas, gaseous nitrogen (/V3) could also be used, as was done in the
GPIM propulsion system [67]. However, as other sources identified helium to be a more common option,
in hydrazine propulsion systems such as the Myriade PS, or in the LMP-103S systems of PRISMA or
SkySat, it was decided to select this option [62], [132], [141]. Using four thrusters is seen as the most
straightforward way of complying with REQ-PS-PERF-15, including a level of redundancy if one of
the thrusters fails. Furthermore, the use of 1 N thrusters is a typical choice for propulsion systems
similar to the defined case study, as such also deemed to be sufficient to meet the stated performance
requirements.

Another design constraint is imposed by REQ-PS-GEN-03, stating that all components except for the
tank and thrusters must be commercially available, such that a clear component selection can take
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place. While this does not imply that only flight-proven hardware can be selected for each of the
considered propellants, adequate material compatibility must be in place when choosing components
originally developed for use with a different propellant. This design constraint is made in light of the
required data availability to set up reliable LCls for each of the design propulsion systems. It will also
feed into the trade-off, where data availability is one of the criteria as discussed in Subsection 6.2.4.
Additionally, this design constraint is deemed necessary to ensure that the LCSA deals with systems
that are representative of current monopropellant technologies. Furthermore, this constraint justifies a
key assumption in the life cycle inventory analysis, namely that all components have a technology readi-
ness level (TRL) of 9, such that no additional costs or activities are required to qualify the components
before flight.

6.2.3. Assumptions

In the propulsion system sizing method, various assumptions are made to simplify the overall design
process. An overview of the most important assumptions in this regard is shown in Table 6.5. Other
smaller assumptions will always be clearly mentioned in the methodology description presented in
Subsection 6.2.5.

Table 6.5: Overview of key assumptions used in propulsion system sizing method

Label Description Justification
This velocity increment is difficult to estimate,
A-PS-01 Detumbling is not included in the may be provided by other attitude control
AV budget of the system. systems, and is most likely minor compared to
other budget contributions.
This assumption is quite unrealistic as
The propellant tank can be exactly sized propellant tanks are usually not tailored to size.
A-PS-02 with respect to the required propellant However, the assumption is made to
load. reflect the performance difference between the
various monopropellants as best as possible.
This assumption allows for built-up oxygen to
The HTP propellant tank can be vented exit the tank. The assumption is deemed valid
A-PS-03 . -
once a week. due to the existence of oxidizer vent valves
in other systems [167].
Teflon or Viton have very low AOL values.
. The AOL for tank shell is overestimated, such
A-PS-04 The HTP propellant tank diaphragm does that it may also cover the negligible portion

not accelerate HTP decomposition. of decomposition caused by the tank

diaphragm [168].
All thrusters include an integrated catalyst Commercially available hydrazine and EIL

A-PS-05 bed heater and flow control valve. thrusters justify this assumption [125], [169].

A-PS-06 Each thruster has an I, quality factor This value is informed by Zandbergen [117, p.60].
(n1sp) Of 0.85.

A-PS-07 Each propellant tank has an expulsion This value is informed by Sutton and Biblarz
efficiency (1e.p) of 0.98. [84, p.196].

A-PS-08 The safety factor used for yield stress This value is informed by Zandbergen
(SFy)is 1.25. [117, p.298].

A-PS-09 The tank shell mass correction factor This value is informed by Zandbergen
(K shen) is 1.85. [117, p.347].

A-PS-10 The minimum tank shell thickness This lower limit for manufacturability is informed

(tsheit,min) is 0.85 mm. by commercial titanium tanks [170].
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6.2.4. Propellant trade-off method

To select a set of monopropellants for which propulsion systems will be designed and compared, a
graphical trade-off will be performed. As argued in Section 4.3, this qualitative type of trade-off is seen
to be the most appropriate at this level of conceptual design. Not only will the evaluation of various
criteria be less ambiguous or convoluted than would potentially be the case with a fully numerical trade-
off, the graphical trade-off method also provides more flexibility when making a final decision. This
level of flexibility is desirable for the propellant trade-off, as practical matters, such as the limited thesis
timeline and feasibility of gathering sufficient data for the LCI definition, must also be taken into account.

A number of relevant trade-off criteria will be selected and a clear evaluation scheme for each will be
outlined in the following subsections. Section 6.3 will present the trade-off itself with a table featuring
colour-coded scores for each criterion and scaled column widths according to the criteria weights. To
prove the robustness of the trade-off result and method, a sensitivity analysis will be performed. Finally,
considering the practical concerns mentioned before, Subsection 6.3.4 will discuss the results and
present the final selection of propellants.

Trade-off criteria

The propellant trade-off is supposed to reflect both the likelihood of each propellant being chosen in an
actual conceptual PS design process, and the feasibility of performing an accurate LCSA of a propulsion
system using each propellant. As such, the criteria judge the propellants on these two levels as well.
Table 6.6 presents the six criteria that will be used in the trade-off. Along with their respective weights,
which range from 1 to 4, a short description of what is evaluated in this criterion and a rationale for
including the criterion is also presented.

Table 6.6: Overview of propellant trade-off criteria

Criterion Weight Description Rationale
Main performance parameter, Defines the spacecraft
Specific impulse (1) 4 directly dependent on wet mass or inversely the
propellant. possible mission lifetime.

Indication of LCSA
accuracy and likelihood
of inclusion in actual

Availability of public data,
Availability 3 COTS components and
propellant itself.

missions.
Considers necessity of new Indication of system
System complexity 3 technologies, ignition system, reliability and robustness
design complexity. and development cost.
Density (p) 5 Physical parameter of Strongly influences
propellant. system volume.
Propellant hazards, handling Indication of .pre-.lgunch
Safety 2 . costs and suitability
costs and risk of leakage. :
as non-toxic substance.
Indication of suitability
Material compatibility, for longer missions,
Storability 1 temperature range and ease of use within
passive decomposition. hydrazine system

architectures.

The first criterion is the propellant’s specific impulse, which is weighted as the most important criterion
due toits directinfluence on the required propellant and tank mass. The second most important criterion
is Availability, referring both to the physical availability of the propellant and required propulsion system
components, and the availability of data to inform an accurate LCI, thus addressing both trade-off
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goals specified at the start of this subsection. System complexity is also included in the trade-off, as
it provides a proxy for total system cost and reliability, which are certainly important elements for a PS
for a commercial constellation mission. The same can be said for Safety, which reflects the potential
handling costs and infrastructure costs to facilitate the use of toxic propellants. Because the considered
PS is to be used in a minisatellite, it is also likely that the volume will be constrained, making propellant
Density another criterion to consider in the overall trade-off.

Finally, Storability is considered as the least important criterion, with a weight of 1. While this aspect
is often an important factor in the development of novel monopropellants and compatible systems, the
criterion is given the lowest weight as the propulsion system for any propellant that is selected would
have to be designed to meet all PS requirements either way. As such, the storage difficulties for some
propellants are considered to be more easily dealt with than other factors such as System complexity
or Safety.

Criteria evaluation method

To reduce the level of ambiguity of the graphical trade-off, a transparent evaluation scheme is set up in
Table 6.7. As the table shows, the graphical trade-off will give one of four scores, with the performance
for the criterion being "Excellent”, "Good”, "Acceptable” or "Poor”, each related to a colour and a colour
code, respectively blue [bl], green [gr], yellow [ye] and red [re]. The colours shown in Table 6.7 will also
be used for clarity in the trade-off results table. The evaluation of any trade-off criterion will be solely
based on information that is found in public literature. A rationale will now be provided for each of the
six criteria evaluation methods.

Starting with the specific impulse criterion (I,,), the provided scale is based on the current state of the
art of monopropellants. As found in Subsection 2.2.1, some experimental monopropellants provide
I,, values above 300 s [12], [76]. For the best performance, 260 s is therefore taken as a lower
bound, as this constitutes the maximal performance for the flight-proven EIL monopropellants, with
the Japanese SHP163 attaining the highest flight-proven theoretical I,, of 276 s [12]. The next best
category, providing a Good score, reaches until the lower bound of hydrazine’s theoretical I,, at 220
s [21]. Next, an Acceptable I;, is accorded to the performance of less energetic monopropellants,
such as HTP at high concentrations and nitrous oxide, providing a range between 220 and 180 s. Any
monopropellant with an I, below 180 s is considered to have Poor performance.

The assessment of a propellant option’s Availability is conducted more qualitatively, considering three
elements. The existence of previous flight-proven systems in literature, the material availability of the
propellant itself and the availability of commercial components with transparent data are considered
to be a sufficient indication of how realistic it would be to actually design a propulsion system for this
propellant option, and how feasible it will be to perform a valuable LCSA of that PS design. By having
a good availability for all three elements, a propellant option will be awarded an Excellent score for
Availability, with the other scores being accorded as shown in Table 6.7.

Thirdly, System complexity is evaluated based on the complexity of changing the design of a baseline
hydrazine system to accommodate a novel monopropellant. This includes the implicit assumption that
a hydrazine PS has a low complexity, which is a reasonable assumption due to its 60 year heritage in
the space industry. The development of arguments for the subsequent Good and Acceptable scores
contain some ambiguity, as it may be difficult to gauge whether a propellant option requires "some” or
”several” components to be replaced. Furthermore, the assessment will also take into account whether
new components feature a greater level of complexity than those used in a hydrazine system. If a
propulsion system has not yet been fully designed for the considered propellant, a Poor score is given
for system complexity, as this typically indicates that specific design challenges have not yet been
solved.

Moving to the propellant density (p), a quantitative evaluation method is used, once again based on the
observed performance of conventional and novel monopropellants. Here, uniform intervals are formed
starting at the round value of 1050 kg/m?, as this presents the improvement that several monopro-
pellants feature with respect to hydrazine’s density of 1010 kg/m3 [22]. The other scores for density
move uniformly towards the lower bound of 850 kg/m? as this is more or less the highest density of
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Table 6.7: Evaluation scheme used for criteria in propellant trade-off

Score: REXCeIent B oo G Acceptable [ye] Poorfre]
Iy [s] \ > 260 220-260 180-220 <180
Multiple flight-proven
systems, Some flight-proven systems, Some flight-proven systems, . .
Availability COTS components COTS components limited COTS components limited tcr)lflita;:—osntﬁ: ifrl:gdh(;vrzgd?rl\ent
AND propellant OR propellant limited. AND propellant limited. P ’

are easily available.

Several key components require

System Fully compatible Some key components . h ) System is not yet fully
complexity with hydrazine system. require adaptation adaptation w.r.t. hydrazine developed

’ ’ OR different system architecture. ’
pat20°C [kg/m?] \ > 1050 950-1050 850-950 < 850

Exposure may be fatal

Careful handling is required, Severe safety hazards, or lead to long-lasting harm.

Safety No hazards.

fatality very unlikely. extreme caution required. SCAPE or similar is required.
. No storage issues with No storage issues with Stable storage is difficult to
. Proven mission . o . o : e
Storability e material compatibility material compatibility achieve, very limited
lifetime of 10+ years. L . - . - o
similar to hydrazine. more restrictive than hydrazine. material compatibility.

the nitrous oxide-based monopropellants.

Next, the Safety of the propellant is based on the health hazards typically reported on safety data
sheets or in the data of the ECHA. The safety hazards related to hydrazine are considered as the worst
case, as this has been deemed to be no longer sustainable in various use cases and stated as a key
motivation for developing novel monopropellants [10]. For the final criterion, Storability, hydrazine’s
storability is deemed to be Excellent, as the extensive heritage has resulted in a good understanding of
how to preserve the propellant for very long missions [19]. The other scores are defined in comparison
to this baseline, with a Poor Storability for propellants with a very restrictive material compatibility, for
which it is unlikely that flight-ready propellant tanks have been constructed.

6.2.5. Propulsion system design method

For each of the propellant options selected in the trade-off, a conceptual design will be defined meeting
the requirements set in Subsection 6.2.1. As this design exercise will be repeated at least three times
or more, depending on how many propellants are selected, a simple and repeatable design method is
required. As the design constraints have already defined the overall PS architecture and feed system,
the only remaining tasks within the PS design are to size the propellant tanks according to the specific
propellant selected and AV, and to select COTS components that are compatible with each of the
propellant options. The selection of components will be done through literature research, with the
relevant sources stated for each case in Section 6.4. The method used for tank sizing will be the
subject of this subsection.

Starting very broadly, Table 6.8 gives the main design constants, inputs and outputs that will be used
in the sizing calculations. The constants are determined by the choice of sizing method and by the
assumptions listed in Subsection 6.2.3 relevant to the design factors. The fixed inputs have been set
by the definition of mission and PS requirements, and by the design constraint choosing a helium blow-
down system with a BDR of 4:1. The propellant mainly influences the system’s specific impulse and
the materials used in the tank, as these have to be compatible with the chosen propellant. In the output,
all parameters except the spacecraft total wet mass are direct inputs for the LCI later on.
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Table 6.8: Overview of propulsion system design inputs and outputs

Propellant-dependent

Constants Fixed input .
input

Output

Mpropy Mpress,
g0 AV Isp Mtank, Mshell

Mdiay Msec,wet

Msc,dry, Ptank,ins
R sc,dry , Vi
BDR Pprop tank

Design factors:
NIsps Newps Tank shell and diaphragm
Ksheu, SFy7 Ppress: Mpress material Ttank, tshell

tshell,min.

The sizing calculations are performed in a Python script, which is shown in full in Appendix A. As this
code was written after the propellant trade-off, it only allows for PS sizing with the selected propellants.
This also means that specific design considerations for some of the propellant options not selected may
not be taken into account. The first step in the process is to select a propellant, thereby defining the
system I, and propellant density, as well as the material properties of the tank shell and diaphragm. In
the current version of the code, two tank versions are implemented, with either a titanium alloy Ti-6AIl-4V
shell and SIFA-35 diaphragm, a combination that has been proven to be compatible with hydrazine and
LMP-103S [80], or a aluminium alloy Al5254 shell and fluorinated ethylene polymer (FEP) diaphragm,
which is suitable for HTP-based propellants [168], [171]. The relevant properties for each of these
propellant tank options are shown in Table 6.9.

Table 6.9: Overview of propellant tank parameters

Parameter Ti tank Al tank Unit
Shell material Ti-6Al-4V [172] AI5254 [168] | -
Shell density (psnenr) 4430 [173] 2660 [174] kg/m3
Shell yield stress (o snen) | 880 [173] 117 [174] MPa
Diaphragm material SIFA-35 [80] FEP [171] -
Diaphragm density (pgia) 1120 [172] 2150 [171] kg/m?
Diaphragm thickness (t4;,) | 1.78 [175] 0.25[171] mm

Calculation of baseline required propellant mass

The sizing calculation starts by correcting the theoretical specific impulse reported for propellants by
using an I, quality factor, n,,. This quality factor is assumed to equal 0.85, taking a midpoint of the
typical range set up by Sutton and Biblarz, as reported by Zandbergen [117, p.60]. The "real” I, is
calculated using Equation 6.1.

Isp,real = MNIsp * Isp,th. (61)

Next, an adapted version of the Tsiolkovsky equation is used to calculate the propellant mass required to
deliver the desired AV, as shown in Equation 6.2 [117, p.5]. In this equation, the initial spacecraft mass
(my) is taken as the sum of the dry mass and the propellant mass. At the end of all manoeuvres, the
final spacecraft mass will be the dry mass plus what is left of the propellant in the propellant tank. This
residual propellant mass can be calculated with the tank expulsion efficiency, 1.y, as: (1 — Nexp)Mprop-
Once again taking the midpoint of the estimate provided by Sutton and Biblarz, the expulsion efficiency
is assumed to equal 0.98 [84, p.196].
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AV = gOIsp,real In ( Mac,dry * Mprop ) (62)

mscadry+(1_nemp)mprop

Rearranging Equation 6.2 for m,,.,,, leads to Equation 6.3. For most propellants, this equation is enough
to determine the required propellant mass and the rest of the sizing can go on, determining pressurant
mass and tank mass. However, HTP-based monopropellants suffer from the passive decomposition of
HTP over time, requiring additional calculation steps to ensure that sufficient propellant will be on-board
at EOL to perform the required manoeuvres.

AV
e90lsp,real —
Mprop = < —av___ | Msedry (63)
1—(

1— nea:p)e 901sp,real

Estimation of HTP decomposition

The key equation in calculating how much HTP undergoes decomposition, and how this affects the
remaining HTP’s concentration, is given by Equation 6.4, as defined in [168, p.176]. This equation
gives the mass of oxygen generated (m¢,) for a specific value of Active Oxygen Loss (AOL) with an
initial concentration (c;,,) and mass of hydrogen peroxide solution (m.; i) Over the span of d days. Note
that m,; ;,, denotes the mass of the total H,O, solution and not the mass of pure H,O, contained in this
solution. Using the hydrogen peroxide decomposition reaction as shown in Equation 6.5 and knowing
the molar mass of each of the reaction elements, the mass of reacted oxygen can be related to the
mass of hydrogen peroxide that is decomposed. The new mass of the HTP solution, m;, i, is found
by subtracting the mass of generated oxygen from the initial solution mass, as shown in Equation 6.6.
The new concentration of the HTP solution, cy;,, can be calculated with Equation 6.7, knowing the
decomposed mass of hydrogen peroxide (ms,0,) from Equation 6.5. Finally, the I, of the remaining
HTP monopropellant solution can be calculated by using linear interpolation with known I, values for
HTP concentrations of 98% and 85%, respectively from [31] and [12]. This is done in Equation 6.8.

mo, = 0.47TAOL - ¢i, - Msol,in - d (6.4)

2H502 — 2H50 + Oy (6.5)

Msol, fin = Msolin — MOy (6.6)

Chin = Cin * Msol,in — TMH,0, (6.7)
Msol, fin

Iy =190~ 0T (0,98 — cpy) (6.8)

An additional complication is the fact that AOL depends a variety of factors. In this methodology, it will
be assumed that AOL only depends on the surface (in contact with the tank shell) to volume ratio of
the propellant (S/V'). For an HTP concentration of 90% and a metallic tank made of AI5052 aluminium
alloy, the relation shown in Equation 6.9, adapted from an empirical relation given in [168, p.364],
relates the AOL to the S/V expressed in 1/inch. The fact that the included HTP propellant is of a 98%
concentration, and that the tank material is Al5254 instead of Al5052, makes the use of Equation 6.9
conservative, as both the increased HTP concentration and usage of Al5254 instead of AlI5052 would
lead to lower values for AOL in reality [168, p.277].
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~0.175- §/V[1/inch] + 0.0075

AOL 10000

(6.9)

At each point during the mission, it is trivial to calculate the propellant volume V, but determining the
wetted surface area S where passive HTP decomposition is promoted is more difficult, as it requires
assumptions on the dynamics of the tank diaphragm inversion during the mission lifetime. A first as-
sumption herein is that the FEP diaphragm is completely inert w.r.t. HTP decomposition, which is con-
firmed by the very low AOL values for the patented FEP material Teflon [168, p.296]. The estimation
of the shell area that is in contact with the propellant as the tank empties, is based on the approximate
operating conditions as shown in Figure 6.2. The image shows that as the pressurant (in green) takes
up more than half the tank volume, the diaphragm starts to cover the shell in the upper half of the tank,
where the HTP monopropellant is stored. Note that this illustration shows the propellant to be in the
tank upper half, whereas the system diagram in Figure 6.1 follows a more conventional approach of
showing the propellant in the lower half.

Filling H202 Filled H202 Blowdown H202 Expelled

Tank Evolution During Operation

Figure 6.2: Diagram of blow-down elastomeric diaphragm tank operation, from [176]

As long as the propellant volume takes up more than half of the tank volume, it is assumed that the entire
bottom half of the tank is in contact with propellant, leading to a surface area as shown in Equation 6.10.

S =2mrZ, . (6.10)

Once the propellant volume is less than half the tank volume, it is assumed that the elastomeric di-
aphragm starts folding over, as in the frame titled "H202 Blowdown” in Figure 6.2. In this regime, the
radius of the semi-spherical surface that is in contact with the propellant is considered to decrease by
dr. This dr is assumed to be proportional to the increasing fraction of tank volume that is taken up by
the pressurant. The volume of pressurant may be found with Equation 6.11. With Equation 6.12, the
radius of a theoretical sphere containing V,,.ss is calculated. As the pressurant volume will be larger
than half the tank volume, r,,..ss will also be larger than the theoretical radius of the full sphere con-
taining half the tank volume, as calculated in Equation 6.13. The reduction in surface area radius dr is
calculated with Equation 6.14, which is then used in Equation 6.15 to calculate the approximate wetted
surface area left. While this approach of calculating the wetted aluminium surface for each value of
Virop 18 Very approximate, it is deemed to be a good enough estimation considering the complexity of
the actual dynamics of an elastomeric diaphragm in a weightless environment.

V;m“ess = Viank — Vprop (611)
Tpress = Y %”:SS (612)

1
TSin = \/;rtank (613)
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dr = Tpress — T'8,in (6.14)

S = 2w (reank — dr)2 (6.15)

With the calculations above, the rate of passive HTP decomposition can be estimated at each point
during the PS lifetime, depending on the propellant mass left. The method of estimating whether a
certain HTP propellant load is sufficient to achieve the PS requirements then consists of iteratively
calculating the mass of HTP propellant left in the propellant tank each week, taking into account the
passive decomposition and required manoeuvres. The initial guess for the total propellant mass is taken
from the baseline method shown above, such that an estimated spacecraft wet mass is calculated as
shown in Equation 6.16. Note that this leaves out the mass of the pressurant, which is neglected in
these iterations due to its low mass. Furthermore, an estimated propellant tank volume is calculated
with Equation 6.17, as this will be used in the calculation of S/V.

Msc,wet = Msc,dry + Mprop,i (616)

BDR - myprop,i

—_ 6.17
(BDR— 1)pyror ©17

‘/tank =

For each manoeuvre, the required propellant to burn is calculated once again with the Tsiolkovsky
equation from [117, p.5], reorganised to Equation 6.18. With the AV budget determined in Table 6.1
and applying a 15% margin separately for each contribution, Table 6.10 provides an overview of the
AV values used within the iterative HTP propellant reduction calculation.

NG
Mburn = Msc,wet * (1 - 69013‘"“‘”) (618)

Table 6.10: Overview of AV contributions in HTP PS sizing

Manoeuvre AV [m/s]
Initial phasing 1.5
Weekly maintenance, phasing, collision

; 0.118
avoidance
De-orbiting 80.7

Before the iterative process, the propellant mass required for initial phasing is subtracted from the
initial total propellant mass estimate, using the original HTP monopropellant I, and Equation 6.18.
Then, at the start of each "calculation week” in the script, the mass, concentration and I, of propellant
is corrected for the passive decomposition that has taken place in the seven days before, using the
equations at the start of this subsection. A key assumption here is that the spacecraft PS is able to vent
the generated oxygen once a week. To that end, the HTP PS design will include a vent valve. With
the reduced propellant mass, the spacecraft wet mass is also adjusted, using Equation 6.16. Next,
the required AV for one week of operations, as reported in Table 6.10, is related to the required mass
of propellant to be burned using Equation 6.18. At the end of the "calculation week”, this propellant
amount is subtracted from the current propellant mass, providing the input for the HTP decomposition
calculation of the next week. After the the program has run through the mission lifetime of 520 weeks,
the final manoeuvre of de-orbiting is also implemented, providing the final reduction in propellant mass.

If the propellant mass is larger than zero at this point, this means that the initial guess for propellant mass
was sufficiently large to deal with the passive HTP decomposition and the delivery of AV throughout
the mission. However, if the remaining propellant mass at EOL is negative, this indicates that additional
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propellant needs to be included to complete the mission with the HTP PS. As such, the scriptadds 0.1 kg
to the initial guess and runs through the entire calculation process to check if this new propellant mass
estimate is sufficient. Once an initial propellant mass is found for which the EOL propellant margin
is positive, this is taken as an adequate propellant load, after correcting this value for the expulsion
efficiency negp.

Calculation of pressurant and tank parameters

With the required propellant mass calculated, the sizing method continues by estimating the required
pressurant volume at the initial PS conditions, using Equation 6.19. Then, the initial pressurant density
may be found with Equation 6.20 using the ideal gas law and assuming a tank temperature (7}, ) of
20 °C, with piank in being the initial tank pressure of 25 bar, M,,.ss the pressurant molar mass (0.004
kg/mol for helium), and R the molar gas constant of 8.3145 J/mol/K. Using the initial pressurant
volume and density, the pressurant mass is simply calculated in Equation 6.21.

m
Vi ress,in — prop (619)
press, (BDR — 1) pprop
an inM ressT ank
Ppress,in = Ptank, }s tank (620)
mpress == ppress,inv;)ress,in (621)

The initial propellant and pressurant volumes are added to find the required tank volume in Equa-
tion 6.22. As the propellant tank is spherical, Equation 6.23 may be used to determine the tank radius.
Next, the required tank shell thickness to withstand the internal tank pressure without yielding is cal-
culated with Equation 6.24, with a thin-walled assumption [117, p.299]. The safety factor for yield is
assumed to be 1.25[117, p.298], whereas the yield stress of the shell is dependent on the tank material,
as reported in Table 6.9.

‘/tank = Vp’r‘op + Vpress,in (622)
3Vian
Foank = ] ok (6.23)
47
tapen = SF, Hgttent (6.24)
Oy,shell

For materials with high yield strength, Equation 6.24 may lead to a thickness that is lower than what
can be possibly manufactured. Based on a comparison with titanium diaphragm tanks produced by
Northrop Grumman, a minimum thickness of 0.85 mm was assumed [170]. The same minimum thick-
ness is used for aluminium tanks in the script. Next, with the tank shell thickness being 0.85 mm or
more, the tank shell mass is calculated with Equation 6.25. The diaphragm mass is calculated with
Equation 6.26 using the fixed diaphragm parameters given in Table 6.9 and the assumption that the
nominal shape of the diaphragm is achieved when the tank is entirely filled by the pressurant, as shown
in the fourth frame of Figure 6.2 [117, p.346]. Combining the shell and diaphragm mass, the total tank
mass is calculated with Equation 6.27, where K is the shell mass correction factor, assumed to
equal 1.85 as a midpoint of the range provided by Zandbergen [117, p.347]. This correction factor is
meant to account for additional attachments to the tank, such as mounting tabs or inlet and outlet ports.

2
1
Mghey = 4 (Ttank + Qtshell> tshell Pshell (6.25)
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Mdia = 2T i tdiaPdia (6.26)

Miank = KshetiMshell + Mdia (6.27)

This concludes the PS sizing calculations, with the component selection and total dry and wet mass
estimations being reported in the respective sections for each of the selected propellants in Section 6.4.

6.3. Propellant trade-off

Following the methodology provided in Subsection 6.2.4, this section will perform the propellant trade-
off. After a brief discussion on the propellants considered in the trade-off in Subsection 6.3.1, the main
graphical trade-off results are shown in Subsection 6.3.2. To reduce the ambiguity of the final propellant
selection, a sensitivity analysis in Subsection 6.3.3 will consider different evaluations for a selection of
criteria scores and weights and consider how this changes the results. Finally, Subsection 6.3.4 will
summarise all the results found in the section and conclude with a final selection of propellants.

6.3.1. Propellant options

Before performing a trade-off selecting which propellants are included in the LCSA comparison, it is
also a non-trivial task to choose which propellants are considered in the trade-off in the first place,
where it is desirable to provide a representative sample of the state of the art in monopropellant sys-
tems, as this is valuable information for future research. Based on the findings of the literature review
in Subsection 2.2.1, primarily considering [12] and [7], 12 monopropellants are selected, which feature
promising performance and for which adequate information could be found to evaluate the trade-off
criteria. This selection is shown in Table 6.11, along with a short rationale for including each of the
options. As indicated in Subsection 6.2.3, it is assumed that the PS technology for any selected pro-
pellant is fully developed, which may not be the case in reality for some of the propellants included in
Table 6.11. To that end, the Availability and System complexity criteria will penalise options for which
that assumption is stretched too far.

The inclusion of water electrolysis propulsion goes against the design constraints set up in Subsec-
tion 6.2.2, as this propulsion technology cannot be facilitated with a typical monopropellant blow-down
feed system. As described in Subsection 2.2.1, water electrolysis propulsion indeed has its own archi-
tecture all together. Furthermore, a water electrolysis propulsion system meeting the requirements for
the present PS case study is still in development, such that it is uncertain if the same system architec-
ture could be used at the minisatellite scale [74]. As such, the trade-off will not genuinely consider it
as one of the options to select and perform the LCSA for. Nonetheless, the option is included in the
trade-off to compare its overall performance with other novel monopropellant options.

6.3.2. Trade-off results

Using the evaluation method presented before, the different propellant options are scored on the basis
of the different criteria, as shown in Figure 6.3. In the trade-off table, the width of the column for each
of the criteria is scaled according the respective weight as defined in Table 6.6. The sources that were
used in the trade-off scoring have mostly been previously discussed in the literature review, and they
are presented separately in Table 6.12. Note that the column width in this table does not relate to the
criteria weights.

Evaluating the results in the trade-off in Figure 6.3, there are several interesting observations to be
made before moving to the selection of a set of propellants. Firstly, I, and Density are two criteria
where most novel monopropellants match or exceed hydrazine’s performance, indicating that the re-
placement of hydrazine would lead to lighter and smaller propellant tanks in most cases, if the same
AV budget is delivered by the PS. Secondly, it is somewhat alarming to note that the Availability cri-
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Table 6.11: Overview of propellants included in trade-off

Propellant group Propellant Rationale
Hydrazine Hydrazine Baseline
HTP-based 98% HTP Simple monopropellant

with possible dual use
Experimental

- 0,

HTP-based 90% HTP/ethanol blend improvement for HTP

ADN-based LMP-103S N_ovel mpnopropellant
with heritage
Safer version

ADN-based FLP-106 of LMP-103S

HAN-based ASCENT vael mpnopropellant
with heritage

HAN-based SHP163 N_ovel mpnopropellant
with heritage

HAN-based GEM Novel .monopropellant with
very high performance

NO-based Nitrous oxide Simple monopropellant
with possible dual use

NO-based HyNOXx Novel .monopropellant with
very high performance

NO-based NOFBX Novel _monopropellant with
very high performance

Water Water electrolysis Novel monopropellant

with heritage

terion is subject to the worst scores across the board, as most novel monopropellants have not been
flight-proven or only in a limited capacity. While a modern HTP system has not been demonstrated
in space either, HTP still receives a Good score for Availability due to the large amount of research
literature available. The Good Availability for LMP-103S, on the other hand, is thanks to the in-space
demonstration of HPGP systems in the SkySat constellation, which was documented in a variety of
journal and conference publications.

In terms of Safety, all considered novel monopropellants score better than hydrazine, and it is mostly
the explosivity of some options that is penalised. Lastly, the Storability of all propellant options contains
some ambiguity, as the limited data availability for some options, such as SHP163 and GEM, make it
difficult to judge their material compatibility. The decision to award an Acceptable performance to the
98% HTP option may seem generous, as HTP has often been disregarded in the past due to its limited
stability and supposedly restrictive material compatibility [29]. However, this claim has repeatedly been
refuted in literature, by experimental results and by arguing that highly concentrated HTP made in
current times is much more stable than the samples that were used in the 1960s, when HTP was
replaced by hydrazine [27], [42]. In practice, HTP’s stability does not seem to be an overly inhibiting
issue either, as there are ongoing projects developing propulsion systems for various use cases, using
materials compatible with HTP [34], [138].

In the selection of propellants, it is decided to exclude any options with Poor performance for any of
the criteria, with exception to hydrazine. This is done as the trade-off indicates that there are enough
propellants left to for the intended goal of performing an LCSA for 3-5 systems in total. Among the
remaining propellants, ASCENT seems the most promising, with an Excellent I, and only one Ac-
ceptable score, for Availability. With a Good or Excellent score for each of the criteria, LMP-103S is a
very good option as well. Next, SHP163 is mainly held back by its limited data availability, especially
related to the design of the thruster used in the JAXA RAPIS-1 mission. As such, it is also unknown
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Table 6.12: Sources used in propellant trade-off evaluation

System

Criteria: Isp [s] Availability complexity p [kg/m?] Safety Storability
Hydrazine

98% HTP [31] [42], [168]
90% HTP/

ethanol blend [35] [36] [35]

LMP-103S

FLP-106 [179]

ASCENT [12], [64], [67]

SHP163 [70], [71], [166] [71] Unknown
GEM Unknown Unknown
Nitrous oxide [12], [44] [44] [44], [49], [50] [12]
HyNOx [12] [45], [49] [12]
NOFBX [12], [45] [12]
Water

electrolysis [741-177] el

how the high combustion temperature has been dealt with in the flight model and how this would affect
the overall PS design complexity.

Despite its relatively low I;,, 98% HTP does not fall far behind the other options, by virtue of its Good
data availability and functional simplicity, leading to a Good System complexity as well. While its toxicity
may be somewhat more severe than that of the EIL monopropellants, HTP’s low vapour pressure results
in a lower risk of inadvertent ingestion [22]. Lastly, while water electrolysis propulsion is not considered
here as one of the options for the LCSA, its performance in the trade-off is quite promising: it is the
only option next to hydrazine that has an Excellent score for three criteria. If this technology is further
developed in the coming years, it could score Good or Excellent for the Availability criterion as well,
making it a clear favourite compared to other novel monopropellants. However, it is important to note
that water electrolysis propulsion would also lead to additional requirements for the power subsystem
(to operate the electrolyser), and require a different PS usage philosophy due to its unique operating
principles [74]. These aspects have not been included in any of the criteria of this trade-off.

While the graphical trade-off has indicated that four novel monopropellants, being ASCENT, LMP-103S,
SHP163 and 98% HTP, are the most suitable to compare with respect to hydrazine, a sensitivity analysis
in the next subsection will verify how robust this result is. Furthermore, the relative ranking between
these options will also be investigated. Thereafter, Subsection 6.3.4 will present the final selection of
propellants to continue with in the research.
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Graphical trade-off of the propellant options

Figure 6.3
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6.3.3. Sensitivity analysis

While the graphical trade-off shown in Figure 6.3 is performed based on a transparent and justified
evaluation scheme that was outlined in Table 6.7, it is deemed valuable to further investigate those
findings in a sensitivity analysis. In this section, a few criteria weights and scores will be adapted based
on well-founded doubts within the original trade-off evaluation. As such, this will not be a comprehensive
sensitivity analysis where the robustness of the entire methodology is evaluated.

To facilitate an easier comparison of the results in this sensitivity analysis, the trade-off table is first
converted into a numerical trade-off, by replacing each of the score categories by a number. As such,
an Excellent score results in a score of 4, Good is equivalent to 3, Acceptable to 2 and Poor to 1. Then,
a weighted sum of all criterion scores can be made for each propellant option, taking into account
the criteria weights. The total achievable score is then equal to 60. The resulting numerical trade-off is
shown in Table 6.13, where the columns are not scaled according to criterion weight. The results reveal
that the 6 best performing propellants based on the graphical, qualitative assessment in the subsection
above also come out on top in the numerical trade-off. Furthermore, the selected propellants may be
defined as having a score of 70% or more.

Table 6.13: Numerical trade-off of the propellant options

Criteria: 1, Is] | Availability cfz:f:)'gty pTkg/m?] | Safety | Storability ST;’;?L
Criterion weight: 4 3 3 2 2 1 160 | %
Hydrazine 48 | 80
98% HTP 2 42 |70
90% HTP/

ethanol blend C 2 2 36 | 60
LMP-103S 47 | 78
FLP-106 41 | 68
ASCENT 2 48 | 80
SHP163 2 2 2 44 |73
GEM 2 38 | 63
Nitrous oxide 2 2 2 2 2 28 | 47
HyNOXx 2 2 2 2 35 | 58
NOFBX 2 2 30 | 50
Water 2 2 46 | 77
electrolysis

The first trade-off change considered in this sensitivity analysis is to swap the weights of the I,, and
Availability criteria, making Availability the most important criterion of the trade-off, increasing the rela-
tive importance of the estimated feasibility of performing an accurate LCSA later on. For brevity, only
the top 6 propellants of the new trade-off will be shown for each method change performed in this sen-
sitivity analysis. For the case where Availability is weighted at 4 and I, at 3, Table 6.14 shows these
results. As can be appreciated, ASCENT and SHP163 are penalised somewhat due to their Acceptable
Availability. Nonetheless, each of the previously considered options still achieve a percentage score
of at least 70%. Note that water electrolysis is included in brackets as it is not regarded as a legitimate
choice for the following PS design and LCSA.

Alternatively, I, and Availability could also be weighted equally with a weight of 4, as this would reflect
the equal importance of performing the LCSA for propellant options that are realistic options and for
which sufficient data is available to construct accurate LCls. With this distribution of criteria weights,
Table 6.15 presents the results. Once again, the same 6 propellants are selected and all of them have
a score above 70%.

Another debatable criterion weighting choice is that System complexity is considered as a more impor-
tant propellant feature than its Safety. One may argue that, as propellant toxicity and handling cost
are driving factors in the development of propellants to replace hydrazine, a higher weight should be
given to Safety. To investigate the potential trade-off changes due to this consideration, the numerical
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Table 6.14: Propellant trade-off results with the I, criterion weighted at 3 and the Availability criterion weighted at 4

Nr. Propellant Score /60 Score %
1 Hydrazine 49 82
2 LMP-103S 47 78
3 ASCENT 46 77
4 (Water electrolysis) 44 73
5 98% HTP 43 72
6 SHP163 42 70

Table 6.15: Propellant trade-off results with the I, and Availability criteria weighted equally at 4

Nr. Propellant Score /64 Score %
1 Hydrazine 52 81

2 LMP-103S 50 78

3 ASCENT 50 78

4  (Water electrolysis) 48 75

5 SHP163 46 72

6 98% HTP 45 70

trade-off was also performed for a System complexity weight of 2, with Safety weighted at 3. The re-
sulting top 6 of propellants is shown in Table 6.16. This trade-off methodology change represents the
first to result in hydrazine not being the optimal choice, as should be expected due to its large safety
concerns. As in the previous results, this trade-off approach selects the same six propellants as the
original graphical trade-off, and all six score at least 70%. The order of the novel monopropellants is
also approximately the same, with ASCENT and LMP-103S populating the top half, while SHP163 or
98% HTP are either the fifth or sixth choice.

Table 6.16: Propellant trade-off results with the System complexity criterion weighted at 2 and the Safety criterion weighted at 3

Nr. Propellant Score /60 Score %
1 ASCENT 48 80

2  (Water electrolysis) 48 80

3 LMP-103S 47 78

4 Hydrazine 45 75

5 SHP163 45 75

6 98% HTP 42 70

The last considered variation in criteria weights is an exchange of the Density and Storability weights.
This is motivated by the fact that all considered monopropellants in the top 6 have a similar Density,
whereas there is a greater variety in the Storability criterion. Additionally, while a dense propellant may
be nice design feature leading to a smaller propellant tank, REQ-PS-BUD-02 is also in place to enforce
a limit to the tank size. On the other hand, a propellant’s stability may be a less predictable parameter,
such that an assurance of propellant stability could lead to a reduced mission risk. The resulting top
6 is reported in Table 6.17. Again, the same propellants are featured, yet in this trade-off, 98% HTP
scores worse than 70%. Additionally, the ADN-based propellant FLP-106 matches its score, making
the top 6 less clearly separated from the other options.

Next to a variation in criteria weights, specific trade-off scores can also be changed. The first change in
this manner is to reduce 98% HTP’s score for Safety to Acceptable, as the risk of rapid HTP decomposi-
tion indeed holds dangers, especially when large amounts of HTP are being handled. Table 6.18 shows
the resulting impact on the top 6, where obviously only 98% HTP’s score has been affected. FLP-106
now achieves a slightly better score than HTP, which scores 40 out of 60, equivalent to 67%. This result
shows that 98% HTP’s place as one of the top 6 novel monopropellants is not entirely uncontested.



6.3. Propellant trade-off 77

Table 6.17: Propellant trade-off results with the Density criterion weighted at 1 and the Storability criterion weighted at 2

Nr. Propellant Score /60 Score %
1 Hydrazine 49 82

2 ASCENT 47 78

3 (Water electrolysis) 47 78

4 LMP-103S 46 77

5 SHP163 42 70

6 98% HTP 40 67

Table 6.18: Propellant trade-off results with an Acceptable Safety score for 98% HTP

Nr. Propellant Score /60 Score %
1 Hydrazine 48 80
2 ASCENT 48 80
3 LMP-103S 47 78
4 (Water electrolysis) 46 77
5 SHP163 44 73
6 FLP-106 41 68

A second adaptation to the propellants’ trade-off scores arises from the limited data availability for
SHP163. In the original graphical trade-off, SHP163 received an Acceptable score for Availability,
thanks to the more extensive literature available for ASCENT and LMP-103S and the assumption that
these technologies may also be applicable for SHP163. Upon further investigation however, it is appar-
ent that little information can be found related to the thruster design that may be used to accommodate
SHP163’s high combustion temperature of above 2100 °C. Furthermore, it is not very clear whether
SHP163 technologies are being further developed, as the most recent publications related to this de-
velopment are from 2019 [70]. These factors may serve as sufficient motivation to attribute a Poor
Availability score to the option. With this change, SHP163 moves to the bottom of the top 6, with the
same score as FLP-106, as shown in Table 6.19.

Table 6.19: Propellant trade-off results with a Poor Availability score for SHP163

Nr. Propellant Score /60 Score %
1 Hydrazine 48 80
2 ASCENT 48 80
3 LMP-103S 47 78
4 (Water electrolysis) 46 77
5 98% HTP 42 70
6 SHP163 41 68

With the six variations considered in this sensitivity analysis, there are a few clear conclusions to be
made. Firstly, the four best propellant options are consistently hydrazine, ASCENT, LMP-103S and
water electrolysis, in slightly different orders. A second conclusion is that 98% HTP and SHP163 have
a quite similar score in most cases and are grouped at the bottom of the top 6 in all variations. Apart
from FLP-106 however, there are no other novel monopropellants which approach their performance
closely. Thirdly, the sensitivity analysis has proven that the graphical trade-off result is fairly robust, as
the methodological changes that were investigated never resulted in completely different choices for
the top 6 propellants.

6.3.4. Discussion and final propellant options

Considering the findings of the graphical trade-off in Subsection 6.3.2 and of its sensitivity analysis in
Subsection 6.3.3, it is clear that five propellants stand out as the best choice to include in the further re-
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search. Next to hydrazine, which is automatically included as the baseline option, ASCENT, LMP-103S,
SHP163 and 98% HTP are part of this selection. As explained in Subsection 6.3.1, water electrolysis
propulsion cannot be considered in the following LCSA comparison, as its system architecture is too
different from the other options, such that the setup of a reliable LCI would not fit in the scope of this
research.

While it would probably be feasible to include all five propellant options in the comparative LCSA, given
the design similarities for the EIL options, the decision is made to exclude SHP163 from the selection,
for two main reasons. Firstly, as a further investigation in the sensitivity analysis and the beginning
stages of the LCI data collection process has shown, it is deemed that the data availability for this
monopropellant is too scarce to be able to construct a reliable LCI. Additionally, due to the fact that
SHP163 is not yet used in European or American markets, it is also unlikely that primary data collection
would be a realistic solution. One way to resolve this issue would be to use data for ASCENT systems
as a proxy for the SHP163 system. However, this would also lead to an undesirable convergence
between the two options’ LCI and final LCSA results, with the question remaining whether an SHP163
PS design is indeed similar to an ASCENT PS.

The second reason for leaving SHP 163 out of the final selection is that this will allow for a more thorough
LCI analysis for the remaining options, thus prioritising the quality of the LCSA over the quantity of
options considered. The choice to exclude SHP163 in this regard, instead of 98% HTP which has a
lower trade-off performance, is informed by a goal to have a varied selection of novel monopropellants.
With ASCENT, LMP-103S and 98% HTP, LCSA results will be presented that are relevant for the HAN-
, ADN- and HTP-based monopropellant families. Additionally, as has been stated before, the great
amount of research conducted on HTP-based systems indicates that sufficient data will be available to
set up a reliable LCI for this option. In the following section, propulsion system designs will therefore
be developed for hydrazine, ASCENT, LMP-103S and 98% HTP.

6.4. Conceptual system designs

This section will present the parameters for the conceptual PS designs using hydrazine, ASCENT, LMP-
103S and 98% HTP. As the system architecture for each of these systems is more or less identical, the
only differentiation will be the sizing, tank materials and component selection. Before presenting these
results, Subsection 6.4.1 will discuss the verification and validation efforts that were undertaken for the
script performing the sizing calculations.

6.4.1. Code verification and validation

To ensure that the PS sizing script properly implements the sizing calculations, the code will be verified
using a manually worked out example case. Then, validation of the entire propulsion system sizing
method will be performed using four reference cases of minisatellite propulsion systems.

Verification

As the calculations implemented in the code are rather straightforward, the verification approach is also
very simple. Firstly, the code was checked for any typing errors, to ensure that each of the equations
was implemented as they should be. Then, only for the hydrazine PS design, all calculations were
implemented in Microsoft Excel and a comparison was made between the code results and the Excel
results. Table 6.20 gives an overview of the main input data for this verification case. Any other design
factors, such as the various PS efficiencies, were taken equal to the values implemented in the code.

After the code was checked for errors, the output of the Excel calculations was exactly the same as the
script output, as shown in Table 6.21.
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Table 6.20: Overview of propulsion system sizing code verification input data

Input parameter Value Unit
AV 153.53 m/s
Propellant Hydrazine -
Isp,th 239 S
Tank material Ti-6Al-4V -

Table 6.21: Overview of propulsion system sizing code verification output data

Output parameter Code Value Excel Value Unit

Mprop 12.28 12.28 kg
Mpress 0.017 0.017 kg
V;&ank‘ 0.0162 0.0162 m3
Miank,dry 2.48 2.48 kg

Validation

Whereas code verification proves that the code implements the calculations that were set up in the
sizing methodology, validation serves to prove that the sizing methodology and the made assumptions
result in realistic PS parameters. In this process, four reference propulsion systems are selected for
which the propellant mass, tank volume and PS system dry and wet mass can be found. The selected
propulsion systems are the hydrazine propulsion systems of the Myriade satellite platform used for
the PARASOL mission and of the P200 platform developed by Qinetig, and the LMP-103S propulsion
systems used in the PRISMA mission and the SkySat satellites. The main input parameters relevant
for the PS sizing of each of these missions are listed in Table 6.22. For each of these missions, the
input data in Table 6.22 is fed to the script and PS sizing and component selection are performed. The
components selected for the hydrazine and LMP-103S systems will be listed in Subsection 6.4.2 and
Subsection 6.4.4 respectively.

Table 6.22: Overview of propulsion system input data for validation

Input parameter PARASOL (Myriade) Altius (P200) PRISMA SkySat
[132], [180] [80] HPGP [26], [62] [133], [141]

Mse,dry [k9] 100 200 120 110 (approx.)
AV [m/s] 80 120 90 180
Propellant Hydrazine Hydrazine LMP-103S LMP-103S
Dtank,in [0A] 22 25 (assumed) 18.5 18.5
Blow-down ratio 4 4 (assumed) 3.8 3.7
# thrusters 4 4 2 4

Starting with the results for the Myriade PS in Table 6.23, the code approaches the actual results quite
closely. The largest error is an underestimation of the dry mass of about -9%. In the calculation of the
total PS mass, some of the code error may also be attributed to the fact that the Myriade PS architecture
is somewhat different from the standard architecture used in the PS sizing code. Furthermore, different
components may be used than those selected in this study for the hydrazine PS.

Considering the bottom three output parameters that are compared in Table 6.23, it is important to
realise that these are all quite dependent on propellant mass. As such, it is also to the credit of the
sizing code that the error stays more or less constant across the various parameters, showing that the
dependence of the other outputs on the propellant mass is similar for the actual and calculated values.

The validation case of the Altius propulsion system in Table 6.24 shows slightly larger differences be-
tween the calculated and actual values found in literature. However, as also indicated by the fact that
the actual dry and wet mass of the PS could not be found, there was less information available on the
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Table 6.23: Validation of propulsion system sizing code with Myriade propulsion system data from [132], [180]

Output parameter Actual value Code output Code error [%]

Mprop [kg] 4.545 4.18 -8.0
Viank [L] 6.00 55 -8.3
MpS.dry 4.83 4.39 -9.1
TP S et 9.38 8.61 -8.2

propulsion system used in the Altius mission, which is built on the Qinetiq P200 platform. As such, an
initial tank pressure and BDR of 25 bar and 4 were assumed, as shown in Table 6.22.

Table 6.24: Validation of propulsion system sizing code with Altius propulsion system data from [80]

Output parameter Actual value Code output Code error [%]

Mprop [kg] 15 12.69 -154
Viank [L] 18.31 16.7 -8.8
MPS,dry N/A 5.98 N/A
MPS wet N/A 15.24 N/A

Validating the code with the HPGP propulsion system onboard the PRISMA technology demonstration
mission also provides good results, as both the calculated propellant mass and tank volume are very
close to the actual values, as presented in Table 6.25. Regarding the propulsion system dry mass, the
code underestimates by about 0.7 kg, which may again be due to a different selection of components.
The difference in PS wet mass can be mostly attributed to the difference in dry mass and propellant
mass.

Table 6.25: Validation of propulsion system sizing code with PRISMA HPGP propulsion system data from [26], [62]

Output parameter Actual value Code output Code error [%]

Mprop [kg] 55 5.3 -36

Viank [L] 5.7 5.8 +2.0
MPS.dry 4.3 3.57 -17.0
TP S wet 9.9 8.87 -10.4

Lastly, the SkySat validation case shown in Table 6.26 presents the first situation where the code over-
estimates the required propellant mass. Still, the estimate is fairly accurate. The large error in system
dry mass is attributed to the fact that the SkySat propulsion system is made up of three cylindrical
tanks using metallic PMDs to trap the propellant at the bottom, whereas the PS sizing code assumes
a single spherical diaphragm tank [141]. These PMD tanks result in a much heavier PS, leading to the
deviations in both PS dry and wet mass.

Overall, the validation cases have shown that the PS sizing code is very accurate in estimating the
required propellant mass, which provides the basis for an accurate estimation of the tank mass as well.
The good estimates for PS dry mass, within 0.8 kg for the Myriade and PRISMA systems, also proves
that the tank sizing method, with the assumed minimal shell thickness of 0.85 mm and shell mass
correction factor of 1.85, is valid. Wherever there are large discrepancies for the different validation
cases considered, there is a presumed reason for why these may be present, for example due to the
lack of data for the Altius system and the different system architecture and feed system in the SkySat
PS. The results of this validation effort have therefore adequately proven that the code will provide
reasonable estimates for the parameters of each of the designed propulsion systems.
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Table 6.26: Validation of propulsion system sizing code with SkySat propulsion system data from [141]

Output parameter Actual value Code output Code error [%]

Mprop [k9] 10.5 10.84 +3.2
Viank [L] 11.4 12 +5.3
MpS.dry 10.9 5.42 -50.3
TP S et 21.4 16.27 -24.0

6.4.2. Hydrazine system

For each of the propellants selected in the propellant trade-off, a conceptual propulsion system will
now be sized using the input parameters informed by the design requirements and constraints. As the
hydrazine system will be discussed first, the fixed input parameters for the PS sizing will be reported
only here, but these parameters are identical for each of the other propellants and informed by other
factors of the case study design presented before.

Table 6.27: Overview of fixed input parameters for each of the conceptual propulsion system designs

Input parameter Value Unit Source

Mese,dry 150 kg Table 5.13

AV 153.53 m/s Table 6.1
Dtank,in 25 bar Subsection 6.2.2
Blow-down ratio 4 - Subsection 6.2.2
# thrusters 4 - Subsection 6.2.2

For hydrazine specifically, the propellant-dependent input parameters are reported in Table 6.28. To-
gether with the fixed input parameters and the PS sizing method described in Subsection 6.2.5, this
input data informs the required propellant and pressurant mass, and the necessary tank size, as re-
ported in Table 6.29. This table also indicates that the titanium diaphragm tank has a shell wall thickness
of 0.85 mm, which is considered as the lower limit for manufacturing concerns.

Table 6.28: Overview of propellant-dependent input parameters for the hydrazine propulsion system

Input parameter Value Unit Source
Propellant Hydrazine - -
Isp,th 239 S [21]
Pprop 1010 kg/m3 [22]

. Ti-6A-4V/
Tank materials SIFA-35 - [80]

For the selection of other components, a literature study is performed considering heritage propulsion
systems and other compatible COTS components. During the component selection, components are
favoured if they have heritage with both hydrazine and the two EIL propellant options considered in the
comparison, as this would increase the design simplicity of changing propellants. Furthermore, this
will also lead to a more straightforward approach during the construction of the LCI for each PS design.
The resulting selection is shown in Table 6.30, where each of the components is indeed compatible
with all four propellants that will be considered in the PS design. While some components datasheets
specifically indicate compatibility with the novel EIL monopropellants, the choice to select only stainless
steel components also ensures material compatibility with 98% HTP.

For each of the selected components, TRL9 COTS components have been selected from the specified
suppliers shown in Table 6.30. There are some additional comments warranted however, as a few of
these components have not yet been discussed in the definition of the system architecture in Subsec-
tion 6.2.2. Firstly, four patch heaters were included in the budget, as these are deemed necessary to
offer double redundancy in heating the propellant tank and isolation valve. For thermal management,
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Table 6.29: Overview of main propulsion system sizing results for the hydrazine propulsion system

Component Parameter Value Unit
; Mass 12.28 kg
Propellant (hydrazine) | ol volume 122 L
. Mass 0.017 kg
Pressurant (helium) | ial Volume 41 L
Mass 2.48 kg
Tank Volume 16.2 L

Shell thickness 0.85 mm

multi-layer insulation is typically included as well, but this is not considered in the conceptual design
and LCSA. Additionally, it is important to note that each of the Aerojet MR-103J 1 N thrusters includes
its own double redundant flow control valve and catalyst bed heater [125].

Secondly, the amount of piping in the system was estimated to weigh 15% of the rest of the dry mass
[117, p.394]. Thirdly, the orifice shown just downstream of the propellant tank in Figure 6.1 is assumed
to be part of the propellant tank assembly, as such included in the propellant tank mass. These assump-
tions are made in the design for each of the propellant options. Lastly, a mass margin was included to
consider the required electronics for control and monitoring of the system. Based on the mass break-
down of a CubeSat propulsion system, this margin was taken at 5% of the total dry mass including the
piping [181]. While this assumption may not be entirely valid, it is not deemed to have a very large
impact for the results of the LCSA, which is the main point of interest in this research. With a dry mass
of less than 6 kg and a total tank volume of about 16 L, it is clear that this hydrazine propulsion system
design meets the size and mass budget requirements set in Table 6.2.

Table 6.30: Component selection and detailed mass breakdown for hydrazine propulsion system

Component Quantity Total mass [kg] Supplier
Filter 1 0.06 Mott small propellant filter [182]
Moog 1/4 inch single line
Latch valve 1 0.32 stainless steel torque motor valve [183]
Minco polyimide thermofoil
Patch heater 4 0.02 heater [184]
. Stainless steel seamless tubing [185],
Piping ) 0.741 assumed at 15% of dry mass, excluding wiring [117]
Pressure transducer 1 0125 Bradford Space stainless steel

mini pressure transducer [186]
Moog low pressure

Service valve 2 0.418 : .
stainless steel service valve [187]
Tank 1 2.479 Sizing calculations
Thruster 4 1.48 Aerojet Rocketdyne MR-103J [125]
Wiring - 0.282 5% of dry mass, including piping [181]
Total dry mass 5.92
Total wet mass 18.22

6.4.3. ASCENT system

The main input parameters for the ASCENT PS sizing are shown in Table 6.31, using the data gathered
in the literature study. While it has not been reported that ASCENT is compatible with the SIFA-35
diaphragm material, its compatibility is assumed due to the similarities in material compatibility between
ASCENT and LMP-103S [56].
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Table 6.31: Overview of propellant-dependent input parameters for the ASCENT propulsion system

Input parameter Value Unit Source
Propellant ASCENT - -
Iopin 266 s [12]
Pprop 1470 kg/m?® [12]

. Ti-6A-4V/
Tank materials SIFA-35 - [56], [67]

The PS sizing script is used to determine the necessary propellant load and tank size when using AS-
CENT, resulting in a propellant mass of about 11 kg and a tank volume of 10 L, as shown in Table 6.32.
This already indicates the novel monopropellant’s superior performance compared to hydrazine, both
due to its increased I, and density.

With regards to component selection, the same components are used as listed in Table 6.30, with the
exception of the thrusters. For ASCENT propulsion systems, Aerojet Rocketdyne has developed the
1 N GR-1 thruster, which was flight-proven onboard the GPIM mission [67]. However, no information
is available on the thruster’s mass, which is why it is assumed to weigh 0.39 kg, in similarity to the
ECAPS 1 N HPGP thruster using LMP-103S [169]. This proxy is used as Spores et al. mention that
the GR-1 thruster uses refractory metals in the combustion chamber, similar to the ECAPS thruster [67].
A difference between the thruster designs is however that the GR-1 thruster uses a single seat flow
control valve. This not only makes the ASCENT system non-compliant with PS requirements REQ-PS-
FEED-03 and REQ-PS-STOR-03, but it also means that the GR-1 thruster is most likely lighter than
the ECAPS HPGP thruster. While this difference is not accounted for in the ASCENT PS mass budget,
it will be taken into account in the definition of the LCI in Section 7.4.

Table 6.32: Overview of main propulsion system sizing results for the ASCENT propulsion system

Component Parameter Value Unit
Mass 10.99 kg
Propellant (ASCENT) | iial volume 7.5 L
. Mass 0.01 kg
Pressurant (helium) Initial Volume 2.5 L
Mass 1.79 kg
Tank Volume 10.0 L
Shell thickness 0.85 mm
Total dry mass 5.19 kg
Total wet mass 16.19 kg

6.4.4. LMP-103S system

Once again, the propellant-dependent input parameters for LMP-103S are adapted from the literature
review in Table 6.33 and shown in Table 6.33. This design input results in the sizing parameters and
total PS masses shown in Table 6.34, using the same components as shown in Table 6.30, apart from
the thrusters. In this case, ECAPS HPGP 1 N thrusters are used, which have a unit mass of 0.39
kg, including a double seat flow control valve and catalyst bed heater [169]. For each of the other
components, compatibility with LMP-103S has been tested in either the PRISMA, SkySat or Altius
missions.
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Table 6.33: Overview of propellant-dependent input parameters for the LMP-103S propulsion system

Input parameter Value Unit Source
Propellant LMP-103S - -
Isp,th 254 S [52]
Pprop 1238 kg/m?® [21]

. Ti-6A-4V/
Tank materials SIFA-35 - [80]

Table 6.34: Overview of main propulsion system sizing results for the LMP-103S propulsion system

Component Parameter Value Unit
Mass 11.53 kg
Propellant (LMP-1035) | ial volume 93 1
. Mass 0.013 kg
Pressurant (helium) | ol voume 34 L
Mass 2.07 kg
Tank Volume 124 L
Shell thickness 0.85 mm
Total dry mass 5.53 kg
Total wet mass 17.07 kg

6.4.5. 98% HTP system

For the design of the 98% HTP PS, the sizing script is once again run with the adaptation of using
aluminium and FEP for the tank shell and diaphragm materials respectively, and including the iterative
process determining the required propellant margin to accommodate passive HTP decomposition as
presented in Subsection 6.2.5. The resulting design parameters are shown in Table 6.36.

Table 6.35: Overview of propellant-dependent input parameters for the 98% HTP propulsion system

Input parameter Value Unit Source
Propellant 98% HTP - -
Ispin 190 s [31]
Pprop 1440 kg/m? [22]
. Al5254/
Tank materials FEP - [168], [171]

In the component selection leading to the dry mass shown in Table 6.36, there are a few special consid-
erations to mention. Firstly, following the assumption that the HTP tank can be vented every week to
release the generated oxygen, an additional valve is added to the system architecture. The vent valve
selected is an ArianeGroup oxidiser vent valve that is compatible with nitrogen tetroxide, weighing 0.09
kg [167]. While it is not entirely clear whether this valve will be compatible with 98% HTP, it is assumed
that a similar valve could be produced or procured in a compatible material. Another assumption is
made with regard to the selected thruster mass for 98% HTP, where the mass of 0.37 kg of the MR-
103J thruster is used [125]. Once again, this rough assumption is due to a lack of existing flight-ready
hardware for 98% HTP, and reflects that the assumption of using only TRL9 components is the least
accurate for the HTP PS. Nonetheless, the differences in the required catalyst bed material and size
for HTP will be taken into account in the LCI analysis in Section 7.4.
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Table 6.36: Overview of main propulsion system sizing results for the 98% HTP propulsion system

Component Parameter Value Unit
Mass 16.14 kg
0,
Propellant (98% HTP) | itial volume 112 1
. Mass 0.015 kg
Pressurant (helium) | vial Volume 3.7 I
Mass 3.06 kg
Tank Volume 14.9 L
Shell thickness 2.04 mm
Total dry mass 6.73 kg
Total wet mass 22.89 kg

6.4.6. Overview and comparison

With a conceptual propulsion system designed for each of the propellants considered, Table 6.37
presents a comparison of the different end results. As could be expected the ASCENT and LMP-
103S systems provide savings of around 10% in the system wet and dry mass, due to their superior
specific impulse and density compared to hydrazine. Despite the 98% HTP’s propellant tank being
smaller than that of the hydrazine system, the tank mass is still higher. This is because the Al5254 has
a lower yield stress than Ti-6Al-4V, leading to a larger wall thickness, as reported in Table 6.36. While
the comparison presented in Table 6.37 is informative for the purposes of mission design or propulsion
system insights, it should be clear that this presents only very top-level design considerations. A more
thorough comparison of the various propulsion system production processes will be presented in the
LCI analysis later in this research.

Table 6.37: Comparison of the different conceptual propulsion system designs

Parameter Hydrazine ASCENT LMP-103S 98% HTP
Propellant I, 45, [s] 239 266 254 190
Propellant mass [kg] 12.28 10.99 11.53 16.14
Tank mass [kg] 248 1.79 2.08 3.06
Tank volume [L] 16.2 10.0 12.4 14.9
System dry mass [kg] 5.92 5.19 5.53 6.73
Difference w.r.t baseline [%] 0 -12.33 -6.59 +13.68
System wet mass [kg] 18.22 16.19 17.07 22.89
Difference w.r.t baseline [%] 0 -11.14 -6.31 +25.63

6.5. Conclusion

This chapter has further developed the case study for which the LCSA will compare several monopro-
pellants on the basis of their system-level sustainability. First, key propulsion system requirements
related to the selected mission use case were specified by means of a conceptual AV budget and
general propulsion system design considerations from heritage missions. These requirements and
constraints then informed the definition of six criteria, being Specific impulse, Availability, System com-
plexity, Density, Safety and Storability, which were used to graphically trade-off a number of monopro-
pellant options for the considered use case. In the end, the three novel monopropellants ASCENT,
LMP-103S and 98% HTP were selected alongside the baseline option hydrazine, for further propulsion
system design.

For each of the propellants, conceptual propulsion systems were sized based on a shared system
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architecture, using a Python script to perform the main calculations. For the propulsion system using
98% HTP, additional calculations were performed to simulate the effects of passive HTP decomposition.
Next to system sizing, a number of essential propulsion system components were selected, which
are compatible with all propellants due to their fabrication in stainless steel. 1 N thrusters were also
selected for each of the propellants, using flight-proven hardware or suitable proxies where necessary.
The final design results of this section will be used in the following chapter when modelling accurate
life cycle inventories for each propulsion system in Section 7.4.



Life Cycle Sustainability Assessment

7.1. Introduction

With a clearly defined and well-motivated case study and a relevant selection of propellants to com-
pare, this chapter will perform a life cycle sustainability assessment for each of the propulsion systems
designed in Chapter 6. This chapter will follow the chronology of the LCSA method, first defining the
assessment’s goal and scope in Section 7.2, presenting the assessment’s main assumptions in Sec-
tion 7.3, then analysing and modelling the various system'’s life cycle inventories in Section 7.4, before
performing the life cycle impact assessment in Section 7.5. As mentioned in the main methodology
chapter in Chapter 4, this LCSA will be performed following the guidelines of the SSSD LCSA frame-
work [14] and the ESA LCA handbook [99], and both related LCI databases will also be used to support
the data collection in Section 7.4. The modelling of the LCls and execution of the LCIA will be performed
in the open-source LCA program openLCA. While the results will be discussed and interpreted in Sec-
tion 7.5, considering the design features driving specific differences between the different propellant
options, a more in-depth validation of these interpretations and results will be presented in Chapter 8.

7.2. Goal and scope definition

The goal and scope of any LCSA are not only important for the purpose of justifying assumptions or
other methodological choices further along the LCSA, they are also key for any interpretation of the
LCIA results. For this comparative LCSA, the goal is informed by the overall research question and
reads as follows:

Goal: To make a comparison between the environmental, social and economic impact of the production,
assembly and testing of a conventional and three novel monopropellant systems in a 150-kg class
satellite, considering hydrazine, ASCENT, LMP-103S and 98% HTP as the possible propellants.

To make a fair comparison, it is also necessary to formulate a consistent functional unit for which the
LCSA of each propulsion system option will be conducted. By creating conceptual designs for the four
propellant options in accordance with the PS requirements in Section 6.4, this level of consistency has
already been ensured at the level of the input data for the LCSA. The functional unit is therefore:

Functional Unit: One fuelled monopropellant system in fulfilment of the propulsion system require-
ments set for a case study of a 150 kg Earth Observation satellite.

Next to defining the LCSA’s functional unit, the scope definition of the LCSA also entails the demar-
cation of the system boundaries, indicating which life cycle phases are included in the assessment.
Furthermore, boundaries also need to be set with regards to the various components that the system
is made of. As a first simplification, only the components that make up more than 5% of the propulsion
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system’s dry mass will be included in the LCI [99, p.98]. Considering the mass breakdown shown in
Table 6.30, this means that only the isolation latch valve, piping, service valves, propellant tank and
thrusters will be included in the LCSA, next to the respective propellant and pressurant.

For the production of each of the components, the system boundaries recommended by the ESA LCA
handbook for equipment production are used [99, p.93]. These are shown in a schematised form in
Figure 7.1. Note that for each of the activities shown in this figure, energy consumption will also be
included. In the LCI of the components, a 5% mass cut-off is not used, and the construction and
life cycle of the component will be modelled as accurately as possible. The infrastructure during the
production of these components is excluded from the system boundaries.

Core activities |

Production of auxiliaries
| and utilities

!

| Transport of auxiliaries |

and utilities

v

Manufacturing
processes of —» Reference flow of material
equipment

Upstream activities _] |

materials materials base materials base materials

Extraction of raw | _| Transport of raw Production of Transport of .

ment_| |
L____——————Jl Testing ‘
[—

Wastewater treatment +
solid waste transport
and treatment

L — — J

Figure 7.1: Diagram of system boundaries considered for the production of components in propulsion system LCSA, from [99,
p.93]

Next to the production of each of the propulsion system components, the LCSA system boundaries will
also include the assembly, testing, transport and fuelling of the propulsion system. The LCSA will thus
assess the propulsion systems from cradle to gate, where their operational life starts. For these life
cycle steps, itis assumed that the system is assembled in The Netherlands and fuelled at the European
space port in Kourou, French Guyana. The final definition of the system boundaries is thus:

System boundaries: Production of each propulsion system component making up more than 5%
of total dry mass, from raw material extraction to final manufacturing and waste treatment, including
energy consumption and transport;, production of propellant and pressurant; assembly, testing and
transport of the assembled propulsion system, pressurant and propellant to launch site; fuelling of the
propulsion system at launch site.

The LCIA indicators that will be used in the LCSA have been presented in Table 4.1, and are directly
adapted from the SSSD Sustainability LCIA method with midpoint indicators [14]. With the goal and
scope properly defined, more key assumptions for the LCSA will be presented in the following section.

7.3. Key assumptions

There are several assumptions with a significant impact for the entire LCSA method and the final results.
These are listed in Table 7.1 and Table 7.2, together with a justification for their validity. Note that other
assumptions made in specific LCI definitions will be indicated in the respective sections, for reading
clarity.
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Table 7.1: Overview of key assumptions in the life cycle sustainability assessment of the various propulsion systems, part 1

Label Description Justification
It is assumed that the design changes in This assumption is necessary to limit the scope
A-LCA-01 other subsystems do not feed back into of the study, but is most likely unrealistic due to
the propulsion subsystem design. the iterative nature of spacecraft design.
This assumption is made to justify the
All components in the LCI are fact th'at sySte”? design and development
A-LCA-02 is not included in the system boundaries.
assumed to be TRL 9. .
For all propellant options except
98% HTP, this assumption is fully valid.
This relates to the fact that all components
All components are fully qualified to be are considered to be readily manufactured,
A-LCA-03 integrated with the system without without requiring any design changes and
further modification. qualification testing. This is most relevant
for the propellant tank.
The .|mpact aIIoc'atlon of processes with This assumption is made to be in line with
A-LCA-04 multiple outputs is modelled at the rest of the SSSD [111]
point of substitution (APOS). )
For material or component transport, . L
. . This assumption is recommended by the
- - 0,
A-LCA-05 packaging weighs 50% of mass to ESA LCA Handbook [99].
be transported.
The life cycle of transportation containers . L
A-LCA-06 or packaging is not considered within the This assumption is recommended by the
ESA LCA Handbook [99].
scope of the LCSA.
. . . This assumption is recommended by Wilson
One labour hour in the space industry is o . .
A-LCA-07 assumed to create $ 237.16 of value (2021) as a way of linking economic and social flows
' " in LCI definitions in the SSSD [111].
A-LCA-08 The propulsion system is assembled This assumption is arbitrarily based on
in The Netherlands. the location of the research.
The case study satellite is launched from The preferred launch site for European satellites
A-LCA-09 o
the Kourou Space Port. is in Kourou, French Guyana.
This assumption is made in view of the social
The social conditions in French Guvana impact assessment. French Guyana is a French
A-LCA-10 y territory and this assumption is mostly valid for

are identical to those in France.

all stakeholder subcategories related to
business relations in French Guyana.
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Table 7.2: Overview of key assumptions in the life cycle sustainability assessment of the various propulsion systems, part 2

Label Description Justification
The composition of proprietary catalysts for
A-LCA-11 The EIL propulsion systems use a ASCENT and LMP-103S is not known,
Ir/AlyO5 catalyst. therefore the propellants are deemed to be
compatible with hydrazine catalysts.
The 98% HTP propulsion system While varlous_optlons are being researched
A-LCA-12 uses a Pt/ Al O catalvst currently, platinum alumina catalyst has
23 yst shown good performance in the past with HTP [41].
This assumption is made so that data for
The fuelling procedure for all novel LMP-103S fuelling from Mulkey et al. 2016
monopropellants is similar with can be also be applied for the other
A-LCA-13 . . o -
respect to resource savings monopropellant options. Considering the similar
compared to hydrazine. level of toxicity of ASCENT, LMP-103S and 98%
HTP, this assumption is sufficiently valid.
The raw material procurement for a
A-LCA-14 titanium tank makes up 36% of the Cost breakdown provided by Benedic et al [188].
total cost.
The machining for a titanium tank . .
A-LCA-15 makes up 48% of the total cost. Cost breakdown provided by Benedic et al [188].
The material cost of aluminium alloy
A-LCA-16 is 63% less than the material cost Trading data from January 2023 [189], [190].
of titanium alloy.
The machining cost of aluminium is  Trading data from January 2023, assuming that
A-LCA-17 26% less than the machining cost machining cost benefits from half the material

of titanium alloy.

cost reduction [189], [190].

7.4. Life cycle inventories

This section will give an overview of the newly created processes that were implemented in openLCA
to facilitate an accurate LCSA of the designed propulsion systems of Chapter 6. The sources given in
Table 6.30 serve as an initial indication of what each component is made up of and how it is produced,
but a further literature study is performed to fully model and quantify the flows involved in each com-
ponent’s life cycle. The LCI for the production of the components will be included in Subsection 7.4.2,
whereas new upstream processes are discussed in Subsection 7.4.1. The construction of the four
Product Systems for which the LCSA is performed in openLCA, along with other processes that are
specific to each of the four propellants, are presented in Subsection 7.4.3. Whenever the full tabulated
definition of the process is not deemed to add a clear value for the reader, especially with respect to
the results that will be shown in Section 7.5, process definitions are included in Appendix B.

As discussed in Section 4.5, in setting up the various new processes, use will be made of existing
datasets and processes from the SSSD and ecoinvent 3.8 databases [101], [111]. For each process,
a table will be presented with the input and output flows characterising the process. The quantification
of key flows will be briefly discussed and motivated and a short rationale will be included for any flow
in the process, including the relevant sources. Do note that each flow is assigned a specific provider
process, determining the impact related to providing this flow. For example, if transport by lorry is used
in any process, a specification must be made of the lorry’s emission norm and where this transport takes
place, as this affects the overall environmental footprint of that service. This information is contained
within the openLCA datasets that were created for this research.
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7.4.1. New upstream processes
Production of iridium

The first upstream process that is created models the production of iridium, which is a platinum group
metal (PGM) commonly extracted alongside other platinum group metals and copper and nickel in
South-Africa and Russia [25], [191]. The extraction and further processing of the PGM concentrate
leading to pure iridium is included in the LCSA because the high-temperature resistant thrusters used
in the ASCENT and LMP-103s systems use a rhenium/iridium alloy combustion chamber, and as the
common S-405 catalyst also contains iridium. However, the production of iridium is not yet contained
within any of the LCI databases considered in this research, resulting in the need to create a new
upstream process.

Iridium and platinum are both products of the same PGM extraction and refining process, meaning that
the impact related to the production of each of these metals can be considered as a fraction of the
total PGM extraction and refining impact allocated among all coproducts. This is also how the existing
processes of platinum, rhodium and palladium production are modelled within ecoinvent [192]. In a
synthesis of LCAs for all metals in the periodic table, Nuss and Eckelman use updated data related
to the production of PGMs in South Africa and Russia to reallocate the impact of PGM extraction and
refining among all PGMs and the coproducts nickel and copper, based on the generated revenue of
each of these coproducts [191]. Assuming that the production of iridium and platinum have the same
LCI (as they are two coproducts of a larger parent process), the new dataset for iridium is set up using
an appropriate combination of the platinum production processes that do exist in ecoinvent 3.8.

In a document supporting their article, Nuss and Eckelmann report the global warming potential (IPCC
2007, GWP100a) for their reallocated datasets of platinum and iridium production [191]. Reworking
these results, it is found that the production of 1 kg of iridium leads to the same global warming effect
as 0.527 kg of platinum in South Africa, and as 0.668 kg of platinum in Russia. Using world supply
data from 2008, it is assumed that about 60% of the world supply of iridium is sourced from South
Africa, whereas 40% is produced in Russia, such that the average impact of 1 kg of iridium delivered
in Europe (RER) is equivalent to the combined impact of producing of 0.32147 kg of platinum in South
Africa, 0.2672 kg in Russia, and the transport to Europe of 0.6 kg of South African iridium and 0.4 kg
of Russian iridium. The resulting process added to the SSSD is shown in Table 7.3, where the amount
of transport is expressed in the transportation of 1 tonne for 1 kilometre (t * km), which is a standard
unit in LCA practices.

Table 7.3: Process definition for iridium production

Flow Amount Unit Description

INPUT
. Russian import. Mass determined by
platinum, RU 0.267 kg reallocation of PGM processing impacts [191].
. South African import. Mass determined by
platinum, ZA 0.322 kg reallocation of PGM processing impacts [191].
transpo_rt_, freight, aircraft, 15295 ¢ km Malterlal tran_sport to RER. .
unspecified 50% packaging mass assumption.

OUTPUT
1 kg -

iridium, at regional storage,
RER

Production of rhenium

The addition of rhenium production to the SSSD is completed in a similar manner as for iridium. Once
again, the need to add this process arises from the use of rhenium in the combustion chambers for the
EIL thrusters. Rhenium is also a coproduct of the production of another metal, molybdenum, which is
included in ecoinvent 3.8. As such, the reallocation of impacts as proposed by Nuss and Eckelmann
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is used here as well to express the impact of rhenium production in terms of impact of molybdenum
production [191]. In the case of rhenium and molybdenum, the article indicates that in the production
of 1 kg of molybdenum, 0.00147 kg of rhenium is also produced. Allocating the impacts based on the
price of rhenium and molybdenum, Nuss and Eckelmann propose that 13.5% of this process impact
should be allocated to the 0.00147 kg of rhenium produced. As such, the impact of producing 1 kg of
rhenium is equivalent to the impact of 91.84 k¢ (=0.135/0.00147) of molybdenum using the ecoinvent
dataset where 100% of the molybdenite ore roasting process is allocated to molybdenum production.
Because the molybdenum dataset already contains transport to RER, no additional transport is needed
in the rhenium production process, as shown in Table 7.4.

Table 7.4: Process definition for rhenium production

Flow Amount Unit Description
INPUT

Mass determined by
molybdenum 91.84 kg  reallocation of molybdenum
production impacts.

OUTPUT
rhenium, at plant, RER 1 kg -

7.4.2. New core processes

The new core processes are created to model the production and acceptance testing of the propulsion
system components included in the LCSA. Use is made of various proxies or other secondary data to
inform the definition of these production processes, meaning that the data quality for some processes
is questionable. This will be further discussed in Section 8.3.

The thruster is arguably the most complex component considered in the PS LCSA model, and also
features design differences between the various propellants. As such, it is treated in more detail and
subdivided in four separate subcomponents, being the catalyst bed, catalyst bed heater, flow control
valve and combustion chamber/nozzle assembly. The assembly and testing of the full 1 N thruster will
be discussed in the next subsection where the inventories specific to each propellant are presented.

For each of the core processes, the economic and social flows will also be added, which are used in
the assessment of the economic and social impact of the entire PS. The economic impact assessment
method simply requires that an estimation is made of the production and transport costs for each pro-
cess, whereas the required social data is an approximation of the number of labour hours involved in
the process, and where this labour takes place. As this data is difficult to find for many specific pro-
cesses, a standard approximation method is used to link the economic and social flows whenever one
or the other cannot be found in literature. Based on the total value created in the US aerospace and
defence sector in 2021 (892 billion $), and the total number of annual working hours in this sector, it is
estimated that every labour hour leads to the creation of 237.16 $ [111]. Thus, if the cost of a compo-
nent is known, an approximation can be made of the number of labour hours involved in its production,
and vice versa. Most costing information will be expressed in 2017 $ (USD), as many of the SSSD also
use this currency. In the economic impact assessment, however, the impact will be expressed in € for
financial conditions in the year 2000, and openLCA automatically adjusts the currencies according to
exchange and inflation rates. Any other costing data found in literature will be adjusted to account for
exchange and inflation rates.

Another standard assumption is used whenever information on the material transport within a process
is lacking. Following ESA guidelines, a standard assumption is used of 500 km by fleet average lorry
transport, with packaging mass adding 50% to the mass being transported [99]. Lastly, pre-existing
processes in the SSSD were used to provide the testing flows in each of the new core processes.
These testing processes mostly add to the overall electricity consumption and creation of waste.
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Aluminal/iridium granular catalyst

This catalyst will be used in the hydrazine, ASCENT and LMP-103S thrusters, and is based on the
S-405 catalyst produced by Aerojet Rocketdyne [193]. This granular catalyst is assumed to consist
of a 30 wt% deposition of iridium on alumina granules. The production consists of the extraction and
refinement of alumina and iridium, the transformation of alumina into granules (not included in the life
cycle due to lacking data), the impregnation of iridium onto the alumina granules in a solution (not
included due to lacking data), the drying and calcination of the impregnated granules, and final testing
for structural integrity. Other process information is shown in Table 7.5.

Table 7.5: Process definition for alumina/iridium granular catalyst production and testing

Flow Amount Unit Description

INPUT
aluminium oxide 0.7 kg 70% of total mass [193].
electricity, low voltage 12 kEWh Proxy for catalyst

drying and calcination [40].
iridium, at regional storage - RER 0.3 kg 30% of total mass [193].
No information available,

Organisational Time Contribution (Nat) - EU 70 work-hours .

linked to cost [111].
Total Design Loads Inspection 6.33E-4 m3 Bulk density of 1550 kg/m? [194].
transport, freight, lorry 16-32 metric ton, EURO4 0.75 txkm Material transport,.

standard assumptions.

OUTPUT

Alumina/lridium Granular Catalyst 1 kg -
SPACE SEGMENT: Goods Transport 375 USD 2017 Average_ cost to move
via Lorry Costs goods via road transport [111].
SPACE SEGMENT: Spacecraft Material, Cost from 1981,

Component & Resource Costs 15414 USD 2017 adjusted for inflation [195].

Alumina/platinum granular catalyst

As it has been found that stabilisers included in HTP solutions tend to poison and deactivate the stan-
dard aluminal/iridium catalyst, it was deemed necessary to include a different catalyst in the 98% HTP
thruster. In a research article producing and testing a flight-model 1 N thruster for 87.5% HTP, Ryan
et al. find that a granular catalyst of platinum deposited on alumina remained active and structurally
intact during hot firing [41]. As such, the LCSA model will include this catalyst in the HTP thruster’s
catalytic bed, assuming a same weight fraction of 30 wt% Pt deposited on 70 wt% Al>O3. The other
processing steps are assumed to be the same as for the alumina/iridium catalyst in Table 7.5.

As no cost estimate could be found for the alumina/platinum catalyst, its price is based on the alumi-
na/iridium catalyst, adjusting for the lower price of platinum, as this is assumed to make up the bulk of
the catalyst price. Using average data from 2021, it is found that platinum is priced on at 1094.31 $ per
troy ounce, and iridium at 5158.40 $ [25]. Using this ratio of 4.174, the alumina/platinum catalyst price
is adjusted accordingly. The resulting LCI definition is presented in Table B.1.

Catalyst bed heater

Each of the thrusters is assumed to use the same type of catalyst bed heater, being a coiled heater
produced by the French company Thermocoax [196]. This heater is used in the ECAPS 1 N HPGP
thruster, and is also deemed to be compatible with more advanced hydrazine thrusters, using coiled
catalyst bed heaters instead of the heritage cartridge heater design [197]. Based on correspondence
with an engineer at a Thermocoayx, it is found that the heater is composed of a junction box connected
to a coiled mineral insulated cable, with a outer sheath of inconel, a mineral core of magnesium oxide
(M gO) and four nickel/chromium heating wires, resulting in a fault-tolerant system. The total mass of
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the component is 50 g, the approximate cost is 2200 € in 2023, and the production of one heater takes
up 11 labour hours, including post-production testing.

The exact dimensions and mass of the various materials used in the heater have been approximated
based Figure C.6 and Figure C.3 [196], [198]. The specifications reported there are relevant for the
50 g heater used in the 1 N thrusters, but as this catalyst bed heater may be scaled up to be used in
larger thrusters, it was decided to normalise the entire process to the output of a 1 kg heater, resulting
in the process shown in Table 7.6. This will be scaled down when used in the thruster production LCI.

Table 7.6: Process definition for inconel coiled catalyst bed heater production and testing

Flow Amount Unit Description
INPUT

Cable Harness 80 m Proxy for lead wires [198].

Proxy for Inconel 625
: . . outer sheath.
iron-nickel-chromium alloy 0.0296 kg Approximated from

cross section [196].

Proxy for Nickel-Chromium
iron-nickel-chromium alloy 1.6E-4 kg (80/20). resistive wire,

approximated from

cross section [196].

3 Total volume based on

Leak Test 1.02E-05 m . .

outer dimensions [198].

. . Approximated from
magnesium oxide 0.0395 kg cross section [196].
Organisational Time Contribution (Nat) - FR 220 work-hours Time regwred for .

production and testing.
Thermostat 0.931 kg Proxy for junction box [111], [196].
. . Total volume based on
~ 3
Total Design Loads Inspection 1.02E-05 m outer dimensions [198].
. . Material transport from
transport, freight, lorry 16-32 metric ton, EURO4 2.489 t*x km RER to FR.
Proxy for brazing,
welding, arc, steel 0.145 m approximated from technical
drawings [198].
Proxy for Nickel-Chromium
: . (80/20) resistive wire,
wire drawing, steel 1.6E-4 kg approximated from technical
drawings [198].
. . . Approximated from
- 2
X-Ray/Radiographic Inspection 0.0398 m cross section [196].
OUTPUT
Catalyst Bed Heater - Coiled - Inconel Sheath 1 kg -
SPACE SEGMENT: Goods Transport 12 443 USD 2017 Averagg cost to move
via Lorry Costs goods via road transport [111].
SPACE SEGMENT. Spacecraft Material, 37940  USD 2017  Estimate from manufacturer.
Component & Resource Costs
SPACE SEGMENT: Spacecraft Material, 2171730 EURO 2017 Compensation for thermostat
Component & Resource Costs cost [111].
SPACE SEGMENT: Spacecraft Material, -975.037 USD 2008 Compensation for cable harness

Component & Resource Costs

cost [111].
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Diaphragm propellant tank, aluminium

Next in the alphabetic listing of new core processes is the aluminium diaphragm tank used in the 98%
HTP PS design. For the production of this tank, data was sourced from the aluminium propellant tank in
development at Nammo Raufoss, the FEP diaphragm production of Holscot, and the existing titanium
propellant tank dataset in the SSSD [111], [171], [176]. Once again, to allow for later LCAs to reuse
the dataset, the process was scaled to a 1 kg tank, adjusting the values found for the propellant tank
sized in Subsection 6.4.5.

Regarding the price of the tank, the price of the titanium propellant tank was used as a reference, and
adjusted based on the price difference between aluminium and titanium. Based on a cost breakdown
of high pressure helium tanks, used in the Ariane 5 launch vehicle, it is assumed that 36% of the total
tank cost is due to material procurement, and 48% due to material machining [188]. Then, comparing
current cost data for titanium and aluminium (pure, not alloyed), it is found that 1 kg of aluminium is
worth 37% of the cost of 1 kg of titanium [189], [190]. The fraction of material cost for the aluminium
tank therefore taken at 37% of that fraction for the titanium tank. However, it is assumed that machining
does not entirely scale with material cost, such that aluminium machining is assumed to cost 74% of
titanium machining, thus doubling the fractional price that a comparison of material cost results in. This
assumption is yet to be validated however. The total aluminium tank price is then calculated by first
taking the price for a 1 kg titanium propellant tank, and then removing 63% of the material cost and
26% of the machining cost, leaving 16% of the total cost untouched. The resulting process information
is shown in Table 7.7.
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Table 7.7: Process definition for aluminium/FEP diaphragm propellant tank production and testing

Flow Amount Unit Description
INPUT
Proxy for Al5254,
aluminium alloy, AIMg3 0.975 kg mass scaled from
PS sizing.
aluminium removed by milling, large parts 7.41 kg Based on T tank [111].

aluminium removed by turning, average,

computer numerical controlled 1115 kg Based on T'i tank [111].

Total surface area

- . 9
anodising, aluminium sheet 0.356 m scaled from PS sizing.
Automated Eddy Current Inspection 0.748 m Tank periphery .
scaled from PS sizing.
Dye Penetrant Inspection 0.178 m? Outer surface area

scaled from PS sizing.
Volume scaled

. . . 3
Expulsion Efficiency Inspection 0.00705 m from PS sizing.
Proxy for FEP
extrusion, plastic film 0.0256 kg diaphragm production [171].
Mass scaled from
PS sizing.
Leak Test 0.00705 m? Volume scaled
from PS sizing.
Metal Heat Treatment 0.975 kg Shel mass §caled
from PS sizing
Metal Heat Treatment 19.5 kg Shel mass §caled
from PS sizing
Negative Pressure Inspection 0.00705 m? Volume scaled

from PS sizing.
No information available,

Organisational Time Contribution (Nat) - EU 92 work-hours linked to cost [111].
Pressure Cycle Inspection 2x 0.00705 m3 Volume sga]ed
from PS sizing.
Proxy for FEP [171].
tetrafluoroethylene 0.025 kg Mass scaled from
PS sizing.
Total Design Loads Inspection 0.00705 m3 Volume sga]ed
from PS sizing.

. . Material transport.
transport, freight, lorry 16-32 metric ton, EURO4 0.75 t*x km Standard assumptions.
Ultrasonic Inspection 0.00705 m> Volume sga]ed

from PS sizing.
Vibration Test 0.00705 m3 Volume scaled

from PS sizing.
3 Volume scaled
from PS sizing.
Tank periphery
scaled from PS sizing.
9 Outer surface area

Volumetric Capacity Examination 0.00705 m

welding, arc, aluminium 0.748 m

X-Ray/Radiographic Inspection 0.178 m scaled from PS sizing.
OUTPUT

Diaphragm Propellant Tank - Spherical - Al5254 1 kg -

SPACE SEGMENT: Goods Transport 375 USD 2017 Averagg cost to move

via Lorry Costs goods via road transport [111].

SPACE SEGMENT: Spacecraft Material, Adjusted based on T'i tank
Component & Resource Costs 20275.470  USD 2017 cost [188]-[190].
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Diaphragm propellant tank, titanium

The definition of the production and testing process of the titanium propellant tank is mostly based on
information sourced from an existing SSSD dataset for a titanium blow-down tank, and scaled to 1 kg
based on the sizing method used in Subsection 6.2.5. The price of the titanium tank is based on a
quote for the Rafael PEPT-230 tank using the same shell and diaphragm materials as selected in the
PS design [199]. As the design of the propellant tank was based on the propellant tank to be used in
the Altius mission, Northrop Grumman was taken as a supplier reference, such that the labour hours
in the process are provided in the USA [80], [170]. As the process is very similar to the aluminium tank
production, an overview is provided in Appendix B in Table B.2.

Fill/drain valve

The next component is the low pressure service valve of which two are included in each PS design
to fill or drain the propellant tank with propellant and pressurant. The general production process
and material makeup of the valve was based on the information available for the selected Moog low
pressure stainless steel service valve [187]. Dimensions were estimated from the technical drawing
shown in Figure C.5. The pricing of the valve was estimated based on correspondence with a product
manager at a space propulsion systems manufacturer. The process description in Table B.3 shows a
straightforward forging and machining process by which the valve is assumed to be produced. Note
that the process outputs a single ltem of *Fill/Drain Valve”, as opposed to scaling the dataset up with
mass. This is done as it is deemed too inaccurate to use this dataset as a proxy for larger fill/drain
valves.

Flow control valve

A separate LCI is constructed for the flow control valve (FCV), which is a crucial part of each thruster.
For all propellants except ASCENT, a double seat solenoid valve is used. Information for the working
principles, production process and internal dimensions of such a valve was sourced from models pro-
duced by Moog [200], used in the Aerojet Rocketdyne MR-103J [125] and ECAPS 1N HPGP thrusters
[62], and Valvetech [201], used in a 1 N hydrazine thruster built by ArianeGroup [202]. A patent docu-
ment for the latter valve informed the estimated dimensions, using Figure C.7. The price of the FCV was
based on information obtained through correspondence with a product manager at a space propulsion
systems manufacturer.

The output flow for this process is expressed in Item(s), as shown in Table 7.8, such that the ASCENT
thruster, which employs a single seat FCV, will use 0.5 Items of the created flow. Additionally, as very
little data could be found on the isolation latch valve produced by Moog [183], using a torque motor
instead of a solenoid, 0.5 ltems of the FCV will also be used as a proxy for the production of that
component. While this simplification may not be very accurate from an LCI perspective, single seat
solenoid valves are also often used as isolation valves in PS architectures [67], [141].
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Table 7.8: Process definition for flow control valve production and testing

Flow Amount Unit Description
INPUT

chromium steel removed by milling, small parts 0.0242 kg

Mass based on
ecoinvent recommendation.
Approximated from
copper 0.0731 kg technical drawings and
datasheet [200], [201].
Approximated from
technical drawings [201].
Approximated from
EPDM Product 0.0225 kg technical drawings and
datasheet [200], [201].
Approximated from
forging, steel 0.105 kg technical drawings and
datasheet [200], [201].
Approximated from
impact extrusion of steel, hot, 3 strokes 0.105 kg technical drawings and
datasheet [200], [201].
Approximated from
technical drawings [201].
Proxy for thermal vacuum cycle,
Negative Pressure Inspection 1.72E-4 m? approximated from
technical drawings [201].
No exact information,
linked to cost [111].
Approximated from
Samarium Cobalt Magnet 0.0217 kg technical drawings and
datasheet [200], [201].
Approximated from
steel, chromium steel 18/8 0.105 kg technical drawings and
datasheet [200], [201].
Material transport,
standard assumptions.
Approximated from
technical drawings [201].
Approximated from
wire drawing, copper 0.0731 kg technical drawings and
datasheet [200], [201].

degreasing, metal part in alkaline bath 0.00527 m?

Leak Test 1.72E-4 m?>

Organisational Time Contribution (Nat) - US 98 work-hours

transport, freight, lorry 16-32 metric ton, EURO4 0.15 tx km

welding, arc, steel 0.137 m

OUTPUT
Flow Control Valve - Double Seat - Stainless Steel 1 Item(s) -

SPACE SEGMENT: Goods Transport 075 USD 2017 Average_ cost to move
via Lorry Costs goods via road transport [111].
SPACE SEGMENT: Spacecraft Material, 21554 USD 2017 E_stlmate from correspondence
Component & Resource Costs with product manager.

SPACE SEGMENT: Spacecraft Material,

Component & Resource Costs -1084 EURO 2017 Compensation for magnet cost [111].

Seamless tubing

It is assumed that each of the propulsion systems uses 1/4 inch seamless steel tubing to connect
the various components in the architecture. As no dataset for this piping exists in the SSSD or ESA
LCA database, a new process is created, based on the space-grade tubing produced by the British
company Fine Tubes [185]. The closest possible option to 1/4 inch tubing produced by Fine Tubes is a
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304 stainless steel seamless tube with an outer diameter of 6.35 mm and a wall thickness of 0.7 mm,
which was used as the basis for the definition of flows in Table B.4, included in the appendix for brevity.
The price of tubing was based on a commercial supplier website and may not be fully representative
of the quality standards required for space-grade seamless tubing [203].

Thruster combustion chamber, inconel

For the monopropellants with a relatively low combustion temperature, being hydrazine and 98% HTP,
it will be assumed that the combustion chamber and nozzle assembly is constructed out of inconel
alloy 625 [84]. The exact mass of this component of the thruster could not be found separately, but is
calculated by knowing the total thruster mass and the mass of the other thruster components (catalyst
bed, catalyst bed heater, FCV). The main reference for this process was the Aerojet Rocketdyne MR-
103J 1 N thruster, of which a technical drawing, shown in Figure C.1, and mass specifications from
[125] are used.

As this component will only be used in the thruster, for which the total cost is known with relatively high
accuracy, a separate cost estimation is not entirely necessary for the thruster combustion chamber.
However, the labour hours involved in the process, sourced from the USA due to the reference case
of the MR-103J thruster, do need to be approximated for the precise assessment of social impact.
The method followed is to subtract the other thruster components’ cost from the total thruster cost,
to achieve an approximation of the fraction of cost that the combustion chamber constitutes. With this
price estimate, the number of labour hours is approximated, using the standard assumption of $ 237.16
per hour in 2021 currency. The process’ LCl is rather straightforward, and presented in Table B.5.

Thruster combustion chamber, rhenium/iridium

As indicated in the literature study, the EIL monopropellants have much higher combustion tempera-
tures, meaning that their thrusters make use of refractory metals to withstand the high temperatures and
maintain structural integrity. Both the ECAPS 1 N HPGP thruster and the Aerojet Rocketdyne GR-1
thruster feature a combustion chamber and nozzle made of an rhenium/iridium alloy, where a thin layer
of iridium is deposited on the inside of a rhenium shell providing most of the structural strength [67],
[141], [204]. These combustion chambers are produced by an American company, Plasma Processes,
through a patented electrodeposition process named EL-Form [54], [205].

While the combustion chamber and nozzle are fully constructed out of this exotic material combination,
it is assumed that other parts of the thrust chamber assembly of the ASCENT and LMP-103S thrusters
are made of an inconel alloy. An estimation of the combustion chamber total mass was based on
correspondence with a lead engineer at a company developing monopropellant thrusters, such that the
mass of inconel used was approximated by calculating the mass of iridium and rhenium in the nozzle
and subtracting this from the total mass. To approximate the mass of iridium and rhenium, technical
drawings of the ECAPS 1 N HPGP thruster are used, shown in Figure C.3 and Figure C.4, together
with the assumption that a layer of 0.06096 mm of iridium is coated by a layer of 1.016 mm of rhenium,
resulting in a total (uniform) combustion chamber and nozzle wall thickness of about 1.08 mm [205],
[206]. For the number of labour hours involved in the production process, the same approach is used
as for the inconel combustion chamber. As the EL-Form process is patented by Plasma Processes,
the production of these combustion chambers also takes place in the USA.
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Table 7.9: Process definition for rhenium/iridium thruster combustion chamber production and testing

Flow Amount Unit Description
INPUT
Proxy for inconel milling,
chromium steel removed by milling, small parts 0.0286 kg mass from ecoinvent
recommendations.
: . . Approximated from
2
degreasing, metal part in alkaline bath 0.00251 m technical drawings [206].
. Approximated from
2
Dye Penetrant Inspection 2x 0.00126 m technical drawings [206].
forging, steel 0.124 kg Proxy for inconel forging.
hard chromium coat, electroplatin Proxy for EL-Form,
steel substrate, 0 14’ mm thisknes% 0.00968 m” amount adapted for a
P thickness of 1.08mm [205].
Thickness of 0.0610 mm,
iridium, at regional storage - RER 0.0120 kg surface approximated from
technical drawings [205], [206].
Proxy for inconel production,
iron-nickel-chromium alloy 0.124 kg mass from expert
estimate and drawings [206].
N , _— No data available,
Organisational Time Contribution (Nat) - US 184 work-hours linked to cost [111].
Thickness of 1.016 mm,
Rhenium, at plant 0.0214 kg surface approximated from
technical drawings [206].
. . . Material transport of iridium
transport, freight, aircraft, unspecified 2.644 t x km and rhenium from RER to US.
Material transport of inconel
transport, freight, lorry 16-32 metric ton, EURO4 0.0930 t*x km in the US, standard
assumptions.
Volume approximated
Ultrasonic Inspection 1.36E-06 m3 with thin walled
assumption [206].
: . . Approximated from
_ 2
X-Ray/Radiographic Inspection 2x 0.00126 m technical drawings [206].
OUTPUT
Thruster Combustion Chamber - 1N - 1 ltem(s) i
Iridium/Rhenium Alloy
SPAC?E SEGMENT: Goods Transport 1.844 USD 2017 Ayerage cost to move
via Air Costs air freight [111].
SPACE SEGMENT: Goods Transport 0465 USD 2017 Average cost to move

via Lorry Costs

goods via road transport [111].

7.4.3. Propulsion system inventories

Whereas the core processes discussed in Subsection 7.4.2 are (or could be) used in the LCI of various
propulsion systems, there are also processes specific to each of the propulsion systems, for which the
definition is based on the specific case study dealt with in this research. Four unique processes are
linked to each PS design, being the production of propellant, the assembly and testing of the thruster,
the assembly and testing of the entire propulsion system, and the transport to and fuelling of the system

in French Guyana.

For the estimation of the duration and cost of fuelling, the significant assumption is made that all novel
monopropellants require similar safety precautions, such that data for LMP-103S fuelling, from the
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PRISMA mission [26] and a dedicated fuelling test at NASA Wallops [61], is also used for ASCENT
and 98% HTP fuelling. This assumption may be least accurate for 98% HTP, due to its slightly more
corrosive nature, but the reduced vapour pressure of hydrogen peroxide is deemed to reduce this
hazard [22]. Furthermore, data from the PRISMA launch campaign will also be used to inform the
estimation of hydrazine fuelling cost and duration [26], [197].

Hydrazine

Starting with the production of hydrazine itself, a dataset from the ESA LCA database is used, modelling
the production of ultra high purity hydrazine in Europe using 99% anhydrous hydrazine sourced from
China [15]. As the ESA LCA datasets do not include any social or economic flows, an older hydrazine
dataset contained in the SSSD is used to fill these gaps [111]. The resulting process is shown in
Table 7.10.

Table 7.10: Process definition for ultra high purity hydrazine production

Flow Amount Unit Description
INPUT
chemical factory, organics 4E-10 Item(s) From ESA LCA DB [15].
electricity, low voltage 0.154 EWh From ESA LCA DB [15].
electricity, low voltage 14.7 kW h From ESA LCA DB [15].
electricity, low voltage 0.001 kEWh From ESA LCA DB [15].
Hydrazine anhydrous 99% 1.072 kg From ESA LCA DB [15].
Organisational Time Contribution (Nat) - DE 1.926  work-hours From SSSD,
linked to cost [111].
transport, freight, lorry 16-32 metric ton, EURO4 0.5 txkm From ESA LCA DB [15].
transport, freight, sea, container ship 28 tx km From ESA LCA DB [15].
OUTPUT

Propellant - Hydrazine ultra high purity 1 kg -

hazardous waste, for incineration 0.072 kg From ESA LCA DB [15].
Hydrazine - emission to air 0.002 kg From ESA LCA DB [15].

SPACE SEGMENT: Goods Transport

via Lorry Costs

SPACE SEGMENT: Spacecraft Propellant
Acquisition/Production Costs

Average cost to move

goods via road transport [111].
Aquisition cost of

Hydrazine [111].

15 USD 2017

132.59  USD 2001

Next, the process definition for the assembly and testing of the 1 N hydrazine thruster is somewhat
more complicated, as it entails an estimation of the required catalyst bed size. A sizing method for
aluminal/iridium catalyst beds for hydrazine thrusters is used, which takes the catalytic bed loading (G),
chamber pressure (P.) and specific area of the catalyst (A;) as input to calculate the required catalyst
bed length L3, following the empirical correlation expressed in Equation 7.1 [207, p.133]. In the shown
equation, G, P. and A, are expressed respectively in [bm /in?/s, psi and m? /g, to give a catalyst bed
length in in.

0.554

Lp=02+145 (7.1)

PCO.SOGASO.S

Calculating the catalytic bed loading (G) is done through Equation 7.2, filling in the the maximum mass
flow with the required thrust of 1 N and the real I, for each of the propellants, using Equation 7.3.
The chamber cross-sectional area, A, is calculated with the standard assumption for all thrusters of a
10 mm chamber diameter, based on measurements taken from the Aerojet Rocketdyne MR-103J and
ECAPS 1 N HPGP thrusters in Figure C.1 and Figure C.3 [125], [206].
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= 7-2
G- (7.2)
) Fy
m, = ——— 7.3
P gOIsp,real ( )

The final unknown in Equation 7.1 is the catalyst specific area A,. To estimate this parameter, data
for the Shell-405 alumina/iridium catalyst is used, for which a specific area of 130 m?/g is reported
[194]. This estimation will also be used for the alumina/platinum catalyst. Calculating the catalyst bed
length with Equation 7.1 and assuming the chamber cross section A., the required catalyst mass is
found, with a known bulk density of alumina/iridium catalyst of 1580 kg/m?, a value which will also be
assumed for the alumina/platinum catalyst [194]. While the empirical coefficients used in Equation 7.1
were based on experimental results with hydrazine, this sizing method is also used for the ASCENT,
LMP-103S and 98% HTP thrusters, due to the lack of a more accurate method.

With an adequate catalyst sizing method chosen, the process definition of the thruster production con-
sists of combining the processes to produce the other thruster subcomponents as presented before,
and adding the appropriate assembly time and testing procedures. The assembly time and total thruster
cost are based on correspondence with an engineer with expert knowledge of space propulsion, and a
cost comparison between hydrazine and HPGP thrusters [197], whereas the testing sequence is based
on that of the ECAPS 1 N HPGP thruster [62]. While the cost estimation of the thruster is deemed to
be fairly accurate at the time of writing, it is important to note that this metric is subject to some variation
within the industry. The process definition for the thruster assembly is shown in Table 7.11.
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Table 7.11: Process definition for 1 NV hydrazine thruster assembly and testing

Flow Amount Unit Description
INPUT
. - Catalyst bed length

Alumina/lridium Granular Catalyst 0.00261 kg with propellant 7., [207].
Catalyst Bed Heater - Coiled - Inconel Sheath 0.05 kg Thruster design [125].
Flow Control Valve - Double Seat - Stainless Steel 1 Item(s) Thruster design [125].
Leak Test 3x 1.75E-4 m3 Total internal volume

of all components.
Organisational Time Contribution (Nat) - US 12 work-hours Bgsed on correspondence

with expert.
Proof Pressure Inspection 1.75E-4 m3 Total internal volume

of all components.
Thruster Combustion Chamber- 1N - Inconel 1 ltem(s) Thruster design [84].

. . o Transport of catalyst bed
transport, freight, aircraft, unspecified 0.574 t*x km heater from FR to US.
transport, freight, lorry 16-32 metric ton, EURO4 0.152 txkm \-/rv:?hrzﬁpgg of catalyst and valve
Vibration Test 1.75E-4 m Totalinternal volume

of all components.
Proxy for brazing,
welding, arc, steel 0.191 m based on technical
drawings [125].
X-Ray/Radiographic Inspection 0.00622 m? Total outer surface area
of all components.
OUTPUT
Thruster - 1N - Hydrazine 1 ltem(s) -
SPAC_)E SEGMENT: Goods Transport 0.400 USD 2017 Ayerage cost to move
via Air Costs air freight [111].
SPACE SEGMENT: Goods Transport 0.760 USD 2017 Averagg cost to move
via Lorry Costs goods via road transport [111].
SPACE SEGMENT: Spacecraft Material, Estimated cost for
Component & Resource Costs 42927 USD 2017 hydrazine thruster [197].
SPACE SEGMENT: Spacecraft Material, Compensation
Component & Resource Costs -40.231 USD 2017 for catalyst bed cost.
SPACE SEGMENT: Spacecraft Material, Compensation
Component & Resource Costs -21554 USD 2017 for FCV cost.
s ; Compensation
SPACE SEGMENT: Spacecraft Material, -1896.75 USD 2017 for catalyst

Component & Resource Costs

bed heater cost.

In the assembly process of the entire propulsion system, the transport of various components to the
assembly site in The Netherlands is considered, as well as the acceptance testing, based on the se-
quence performed for the SkySat PS [141]. The labour hours related to the assembly and testing
procedure of the propulsion are estimated based on correspondence with a lead systems engineer of a
propulsion subsystem supplier. The cost of this process could not be estimated directly and is as such
linked to the labour hours with the method proposed by Wilson as presented before [111]. The entire
process definition is provided in Table 7.12. Note that the total cost of the PS is reflected by the fact
that the cost contributions of all input flows are considered in the economic impact assessment.
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Table 7.12: Process definition for hydrazine propulsion system assembly and testing

Flow Amount Unit Description
INPUT
Diaphragm Propellant Tank - Spherical - Ti6AI4V 2.479 kg Based on PS sizing.
Service valves,
Fill/Drain Valve - Low Pressure - Stainless Steel 2 Item(s) based on PS
architecture
Proxy for isolation
Flow Control Valve - Double Seat - Stainless Steel 0.5 Item(s) latch valve, based
on PS architecture.
Tank volume and
Leak Test 2x 0.0169 m> thruster internal
volumes.
Based on
Organisational Time Contribution (Nat) - NL 1000 work-hours  correspondence with
expert.
Tank volume and
Proof Pressure Inspection 0.0169 m3 thruster internal
volumes.
Seamless Tubing - Stainless Steel 0.741 kg Based on PS sizing.
Thruster - 1N - Hydrazine 4 Item(s) Based on PS architecture.
. . o Transport of propellant tank,
transport, freight, aircraft, unspecified 27.740 tx km from US to NL.
. . e Transport of valves,
transport, freight, aircraft, unspecified 5.796 t*x km from US to NL.
. . o Transport of thrusters
transport, freight, aircraft, unspecified 16.561 tx km from US to NL.
Tank volume and
Vibration Test 0.0169 m> thruster internal
volumes.
OUTPUT
Minisatellite Propulsion System - 4x1N - 1 Item(s) )
Monopropellant Hydrazine
SPAC_:E SEGMENT: Goods Transport 11.551 USD 2017 A_vera_ge cost to move
via Air Costs air freight [111].
SPA(_)E SEGMENT: Goods Transport 4.043 USD 2017 A_vera_ge cost to move
via Air Costs air freight [111].
SPAC_:E SEGMENT: Goods Transport 19.349 USD 2017 A_vera_ge cost to move
via Air Costs air freight [111].
SPACE SEGMENT: Spacecraft 219593 USD 2017 No exact information,

Assembly & Integration Costs linked to labour hours [111].

The final step considered in the life cycle of the propulsion system is the transport to the launch site and
on-site propellant handling and fuelling procedures. As mentioned before, the duration of this campaign
is based on the PRISMA loading campaign, which included both hydrazine and LMP-103S, facilitating
a fair comparison. It is reported that clean room fuelling of the hydrazine PS took two full working days
(assumed at 8 hours per day), and that the entire hydrazine loading campaign took two working weeks,
occupying a 5-person crew full-time [26]. In the dataset definition, this time is adjusted for the slightly
increased amount of hydrazine included in the case study PS (12.28 kg), as compared to the PRISMA
hydrazine PS (11 kg).

The cost of the fuelling campaign is estimated by combining the results of two publications on hydrazine
and LMP-103S fuelling. In a cost comparison between small satellite hydrazine and LMP-103S propul-
sion systems, Dinardi and Persson report an estimated cost reduction of $ 480000 for the fuelling
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operations, if hydrazine is replaced by LMP-103S [197]. Separately, Mulkey et al. report an overall
resource reduction, assumed to roughly reflect cost, of 40% for the fuelling and safety procedures
when comparing LMP-103S fuelling to hydrazine fuelling [61]. Equating these two cost reductions, it
is found that fuelling a small satellite hydrazine propulsion system approximately costs $ 1200000 in
2012, such that the fuelling campaign for the novel monopropellants is assumed to cost $ 720000 in
2012 currency. The resulting process definition is presented in Table 7.10. This process is the final
element of the propulsion system’s LCI and will be used as the Product System for which the LCIA is
performed in openLCA for each propellant.

Table 7.13: Process definition for hydrazine propulsion system fuelling at launch site

Flow Amount Unit Description

INPUT
Clean Room Fuelling 17.862 h Zﬁ'gﬁ Z;OnTpZiF;LS['\z"a
General Handling of Propellant/Pressurant 125.033 h Scaled from PRISMA

launch campaign [26].
Minisatellite Propulsion System - 4x1N -
Monopropellant Hydrazine

Organisational Time Contribution (Nat) - FR  625.164  work-hours

1 Item(s) -

Scaled from PRISMA
launch campaign [26].

Pressurant - Helium 0.017 kg Based on PS sizing.
Propellant - Hydrazine 12.28 kg Based on PS sizing.
Storage of Propellant/Pressurant 16.2 L Based on PS sizing.
transport, freight, aircraft, unspecified 62.173 t* km Transport of dry PS

from NL to GF.
Transport of hydrazine

transport, freight, sea, container ship 143.952 tx km from DE to GF.

OUTPUT
Loaded Minisatellite Propulsion 1 Item(s) )
System - Hydrazine
SPA(_)E SEGMENT: Goods Transport 43.366 USD 2017 A_vera_ge cost to move
via Air Costs air freight [111].

SPACE SEGMENT: Goods Transport 314896 EURO 2017 Average cost to move

via Ship Costs freight via transoceanic ship [111].

SPACE SEGMENT: Spacecraft Based on fuelling

Assembly & Integration Costs and LMP-103S [61], [197].

1584000 USD 2017  comparisons between hydrazine

ASCENT

Similarly as for hydrazine, new processes are created in the SSSD to update the ASCENT production
process, to model thruster assembly and propulsion system assembly and fuelling. The propellant
production process shown in Table 7.14 is adapted from an existing validated dataset in the ESA LSA
database [15]. Once again, the economic and social data is adapted from an SSSD dataset modelling
ASCENT production.
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Table 7.14: Process definition for ASCENT production

Flow Amount Unit Description
INPUT

chemical factory, organics 4E-10 Item(s) From ESA LCA DB [15].
Hydroxyl ethyl hydrazinium nitrate (HEHN) 99% 0.445 kg From ESA LCA DB [15].
Hydroxylammonium nitrate (HAN) 0.445 kg From ESA LCA DB [15].

L . I From SSSD,
Organisational Time Contribution (Nat) - US 1.321 work-hours linked to cost [111].
water, deionised, from tap water, at user 0.1 kg From ESA LCA DB [15].

OUTPUT
Propellant - ASCENT 1 kg -
SPACE SEGMENT: Goods Transport Average cost to move
. 5 USD 2017 :

via Lorry Costs goods via road transport [111].
SPACE SEGMENT: Spacecraft Propellant 118.6 USD 2017 Acquisition cost of

Acquisition/Production Costs

ASCENT [111].

In the assembly process for the ASCENT thruster, two features are notable. Firstly, the required amount
of catalyst is based on the hydrazine catalyst sizing method described above. Secondly, as the Aerojet
Rocketdyne GR-1 thruster is taken as the main reference for the ASCENT thruster, a single seat FCV
is used, together with a high-temperature resistant combustion chamber made of rhenium and iridium
[67]. The resulting LCI is shown in Table 7.15. The price of the thruster is assumed to equal that of
the ECAPS 1 N HPGP thruster, which is higher than the hydrazine thruster cost due to the use of the
rhenium/iridium combustion chamber. Note that this may constitute an overestimation of the ASCENT
thruster cost, given that the use of a single seat FCV will most likely lead to a cost reduction with respect

to the ECAPS 1 N HPGP thruster.
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Table 7.15: Process definition for 1 N ASCENT thruster assembly and testing

Flow Amount Unit Description
INPUT
. - Catalyst bed length

Alumina/lridium Granular Catalyst 0.00250 kg with propellant 7., [207].
Catalyst Bed Heater - Coiled - Inconel Sheath 0.05 kg Thruster design [67].
Flow Control Valve - Double Seat - Stainless Steel 0.5 Item(s) Thruster design [67].
Leak Test 3x 8.95E-05 m3 Total internal volume

of all components.
Organisational Time Contribution (Nat) - US 12 work-hours B?SGd on correspondence

with expert.
Proof Pressure Inspection 8.95E-05 m? Totalinternal volume

of all components.
Thruster Combustion Chamber - 1N - .
Iridium/Rhenium Alloy 1 Item(s) Thruster design [67].
transport, freight, aircraft, unspecified 0.574 txkm Transport of catalyst bed

heater from FR to US.
Transport of components

transport, freight, lorry 16-32 metric ton, EURO4 0.0769 t*x km within US.
Vibration Test 8.95E-05 ms  1otalinternal volume
of all components.
Proxy for brazing,
welding, arc, steel 0.427 m based on technical
drawings [198].
. . . Total outer surface area
- 2
X-Ray/Radiographic Inspection 0.00515 m of all components [206].
OUTPUT
Thruster - 1N - ASCENT 1 Item(s) -
SPAC_:E SEGMENT: Goods Transport 0.400 USD 2017 Ayerage cost to move
via Air Costs air freight [111].
SPACE SEGMENT: Goods Transport 0384 USD 2017 Average cost to move goods
via Lorry Costs via road transport [111].
SPACE SEGMENT: Spacecraft Material, Estimated cost for
Component & Resource Costs 64390 USD 2017 HPGP thruster [197].
SPACE SEGMENT: Spacecraft Material, Compensation
Component & Resource Costs -38.381 USD 2017 for catalyst bed cost.
SPACE SEGMENT: Spacecraft Material, Compensation
Component & Resource Costs o777 USD 2017 for FCV cost.
Compensation

SPACE SEGMENT: Spacecraft Material,

Component & Resource Costs -1896.75 USD 2017 for catalyst bed

heater cost.

The process definition for the assembly and testing of the ASCENT PS in The Netherlands follows
the same approach and assumptions as for the hydrazine PS. As such, the process is shown in the
appendix in Table B.6. In the process definition of the transport and fuelling of the propulsion system,
the assumption is made that ASCENT can be handled and fuelled with the same safety precautions
that were in place for LMP-103S during NASA Wallops green propellant loading demonstration [61].
As such, an overall 72% reduction is applied to the time required for clean room fuelling and general
handling of the propellant in the hydrazine system LCI. To estimate the organisational time contribution,
data from the PRISMA launch campaign is used, where the LMP-103S loading campaign occupied a
crew of three people for one working week [26]. For the fuelling LCI of each novel monopropellant
system, that time is adjusted for the increased LMP-103S load required in this use case (11.48 kg) as
compared to the load included in PRISMA (5.6 kg).
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Table 7.16: Process definition for ASCENT propulsion system fuelling at launch site

Flow Amount Unit Description
INPUT
. Scaled from PRISMA
Clean Room Fuelling 5.001 h launch campaign [26], [61].
. Scaled from PRISMA
General Handling of Propellant/Pressurant 35.009 h launch campaign [26], [61].
Minisatellite Propulsion System - 4x1N - y Item(s) )
Monopropellant ASCENT
Organisational Time Contribution (Nat) - FR 344.4 work-hours Scaled from P.RISMA
launch campaign [26].
Pressurant - Helium 0.01 kg Based on PS sizing.
Propellant - ASCENT 10.99 kg Based on PS sizing.
Storage of Propellant/Pressurant 10 L Based on PS sizing.
. . o Transport of dry PS
transport, freight, aircraft, unspecified 53.685 t x km from NL to GF.
. . o Transport of ASCENT
transport, freight, aircraft, unspecified 99.471 tx km from US to GF.
OUTPUT
Loaded Minisatellite Propulsion y Item(s) )
System - ASCENT
SPAC_:E SEGMENT: Goods Transport 37 445 USD 2017 Ayerage cost to move
via Air Costs air freight [111].
SPAC_:E SEGMENT: Goods Transport 69.381 USD 2017 Ayerage cost to move
via Air Costs air freight [111].
: Based on fuelling
SPACE SEGMENT. Spacecraft 950400 USD 2017 comparisons between hydrazine

Assembly & Integration Costs

and LMP-103S [61], [197].

LMP-103S

As for the previous two propellants, an existing dataset in the SSSD modelling the LCI of propellant
production is updated using data from the ESA LCA database [15], [111]. The cost of propellant included
in the SSSD dataset is based on an early estimate reported by Dinardi and Persson [197], and has been
verified to still be accurate through correspondence with a lead engineer at a space propulsion company,
stating a price of $ 1200 in 2023. Other process information is shown in Table 7.17.
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Table 7.17: Process definition for LMP-103S production

Flow Amount Unit Description
INPUT

ammonia, liquid 0.0465 kg From ESA LCSA DB [15].
Ammonium Dinitramide 0.63 kg From ESA LCSA DB [15].
chemical factory, organics 4E-10 Item(s) From ESA LCSA DB [15].
electricity, medium voltage 6.3 kWh From ESA LCSA DB [15].
methanol 0.184 kg From ESA LCSA DB [15].

C . o From SSSD,
Organisational Time Contribution (Nat) - SE 12.129  work-hours linked to cost [111].
transport, freight, lorry 16-32 metric ton, EURO4 0.5 t* km From ESA LCSA DB [15].
water, deionised, from tap water, at user 0.140 kg From ESA LCSA DB [15].

OUTPUT
Propellant - LMP-103S 1 kg -
SPACE SEGMENT: Goods Transport Average cost to move
. 5 USD 2017 .

via Lorry Costs goods via road transport [111].
SPACE SEGMENT: Spacecraft Propellant 976 USD 2017 Aquisition cost of

Acquisition/Production Costs

LMP-103S [197].

As the LCI definitions for the LMP-103S thruster and propulsion system assembly are both constructed
using the same method and assumptions as for ASCENT, they are included in the appendix, respec-
tively in Table B.7 and Table B.8. The Product System for which the LCSA is performed for LMP-103S
is shown in Table 7.18, which combines all previously described components and processes.
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Table 7.18: Process definition for LMP-103S propulsion system fuelling at launch site

Flow Amount Unit Description
INPUT
; Scaled from PRISMA
Clean Room Fuelling 5.00131 h launch campaign [26], [61].
General Handling of Propellant/Pressurant ~ 35.00916 h Scaled from PRISMA

launch campaign [26], [61].
Minisatellite Propulsion System - 4x1N -
Monopropellant LMP-103S

Organisational Time Contribution (Nat) - FR 344.4 work-hours

1 Item(s) -

Scaled from PRISMA
launch campaign [26].

Pressurant - Helium 0.013 kg Based on PS sizing.
Propellant - LMP-103S 11.53 kg Based on PS sizing.
Storage of Propellant/Pressurant 12.4 L Based on PS sizing.

Transport of dry PS

transport, freight, aircraft, unspecified 57.600 tx km from NL to GF.

. . o Transport of LMP-103S
transport, freight, aircraft, unspecified 147.198 tx km from SE to GF.

OUTPUT

Loaded Minisatellite Propulsion 1 Item(s) )
System - LMP-103S
SPAC_:E SEGMENT: Goods Transport 40.176 USD 2017 A_vera_ge cost to move
via Air Costs air freight [111].

SPAC_:E SEGMENT: Goods Transport 102.670  USD 2017 A_vera_ge cost to move
via Air Costs air freight [111].

SPACE SEGMENT: Spacecraft Based on fuelling

Assembly & Integration Costs and LMP-103S [61], [197].

950400 USD 2017 comparisons between hydrazine

98% HTP

A new process is created for the production of 98% HTP, as this was not yet included in the SSSD and
access to the ESA LCA database, which does contain a dataset for 98% HTP, was only granted late
in the LCI definition process. In Section 8.2, a comparison will be made between this new dataset for
98% HTP production and that contained in the ESA LCA database, to validate the LCI presented here.

There are three main assumptions reducing the accuracy of this dataset with respect to the actual
production of rocket grade 98% HTP. Firstly, the process has been modelled based on data from a
large hydrogen peroxide plant, the Solvay Voikaa Plant in Finland, which produces hydrogen peroxide
at a maximum concentration of 60% through a continuous vacuum distillation process [208]. In reality,
it is more likely that HTP used for propulsion purposes would be produced in a batch process, which
has a few differences in the operating principles.

Secondly, actual data from the Solvay Voikaa plant related to the consumption of steam, dimineralised
and cooling water, heat and electricity, for the distillation of 50% and 60% concentrated hydrogen per-
oxide starting with an input feed of 40% concentrated hydrogen peroxide, was linearly extrapolated for
a concentration of 98% HTP. In reality, it is very unlikely that the required resources to reach a 98%
concentration vary linearly with the concentration, as it becomes much more difficult to extract the little
water that is left in the solution as the concentration increases.

Finally, while even rocket grade hydrogen peroxide contains some stabilisers, typically sodium stannate
trihydrate [208], no stabilisers are included in the modelled life cycle analysis, due to a lack of exact
data specifying the amount of stabilisers in monopropellant HTP. In the process definition in Table 7.19,
it is also assumed that the production can take place in various places in the EU. Cost information was
based on correspondence with a hydrogen peroxide sector expert.
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Table 7.19: Process definition for 98% HTP production

Flow Amount Unit Description

INPUT
electricity, medium voltage 17.314 Wh Scaled from Solvay Voikaa [208].
heat, from steam, in chemical industry 3.143 kWh Scaled from Solvay Voikaa [208].

Assuming 90% efficiency

for feed HP [15].

No exact information available,
linked to cost [111].

hydrogen peroxide, without water,

in 50% solution state 1.089 kg

Organisational Time Contribution (Nat) - EU 0.39 work-hours

steam, in chemical industry 3.625 kg Scaled from Solvay Voikaa [208].
Proxy for demineralised
water, deionised, from tap water, at user 0.568 kg water. Scaled from Solvay

Voikaa [208].

Water, cooling, unspecified natural Cooling water. Scaled from

origin, Europe without Switzerland 90.187 L Solvay Voikaa [208].
OUTPUT

Hydrogen Peroxide - 98% Concentrated 1 kg -

SPAC?E_ _SEGMENT:_ Spacecraft Propellant 86 USD 2017 Estlm_ate from

Acquisition/Production Costs supplier.

Water, 1Al Area, EU27 & EFTA - 90.187 I Cooling water

Emission to water ’ returned to river [208].

The assembly of the 98% HTP thruster and full propulsion system are presented in Table B.9 and
Table B.10, included in the appendix due to the general similarity in assumptions with the hydrazine
system LCI data. The LCI definition for the fuelled 98% HTP PS is shown in Table 7.20, which, in
similarity to the other propellant options, is the process for which the LCIA will be performed.
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Table 7.20: Process definition for 98% HTP propulsion system fuelling at launch site

Flow Amount Unit Description
INPUT
; Scaled from PRISMA
Clean Room Fuelling 5.00131 h launch campaign [26], [61].
General Handling of Propellant/Pressurant ~ 35.00916 h Scaled from PRISMA

launch campaign [26], [61].
Hydrogen Peroxide - 98% Concentrated 16.136 kg Based on PS sizing.
Minisatellite Propulsion System - 4x1N - 1 Item(s) )
Monopropellant 98% HTP

Scaled from PRISMA
launch campaign [26].
Pressurant - Helium 0.015 kg Based on PS sizing.
Storage of Propellant/Pressurant 14.9 L Based on PS sizing.
Transport of dry PS

Organisational Time Contribution (Nat) - FR 344 .4 work-hours

transport, freight, aircraft, unspecified 70.286 tx km from NL to GF.

. . . Transport of 98% HTP
transport, freight, sea, container ship 200.409 tx km from RER to GF.

OUTPUT

Loaded Minisatellite Propulsion System - 1 Item(s) )
98% HTP
SPAC_:E SEGMENT: Goods Transport 49,0248 USD 2017 Ayerage cost to move
via Air Costs air freight [111].
SPACI_E SEGMENT: Goods Transport 438.395 EURO 2017 Avgrage_ cost to move .
via Ship Costs freight via transoceanic ship [111].

Based on fuelling
950400 USD 2017  comparisons between hydrazine
and LMP-103S [61], [197].

SPACE SEGMENT: Spacecraft
Assembly & Integration Costs

7.5. Life cycle impact assessment: results and discussion

With an accurate representation of the life cycle for each of the designed propulsion systems, from raw
material extraction to fuelling, the next step in the LCSA is to perform the life cycle impact assessment
(LCIA). As discussed in Subsection 4.4.1, the LCIA method in this research is the SSSD Sustainability
LCIA method, using 23 midpoint impact categories. Through a normalisation and weighting approach,
estimating the relative impact with respect to the multi-criteriaimpact of an average EU citizen each year,
single scores can be calculated for the environmental, economic and social dimensions of the LCSA,
and these scores can be combined to calculate a total sustainability score based a weighting approach
connected to the UN SDGs [14]. This section will first discuss the results for each of the sustainability
dimensions in the LCIA, before combining the normalised single scores for the environmental, economic
and social impacts into a single sustainability score.

For each of the discussed impact categories, the main processes driving the differences between the
design options and general respective results will be identified and discussed. These results are direct
outputs from the LCIA calculation performed in openLCA. Note that in the following discussion, each
of the systems may be referred to by the shorthand of the used propellant, such that the impact of the
LMP-103S system is sometimes referred to as the LMP-103S impact. It should be stressed that the
entire system is being addressed in this case. Whenever a reference is made to the propellant itself,
this will be explicitly stated. In Chapter 8, these findings will be further interpreted and validated with
respect to previous research and the methodological framework of this research.
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7.5.1. Environmental sustainability

Given that the environmental impact assessed in the LCSA contains the highest degree of detail, with
21 categories in total, and most likely also the highest accuracy of assessment, with the environmental
flows included in the processes of Section 7.4 being the most validated, these results will be discussed
first and with the most depth. As a comparison of the four systems could be the subject of lengthy
discussions for each impact category, priority will be given to the impact categories with the largest
contribution to the single score calculation. Presenting the top five contributing impact categories places
a focus on the areas where the environmental life cycle impact of the propulsion systems is relatively
the worst, compared to the average annual environmental impact of an EU citizen. This will accurately
represent which environmental hotspots exist within each propulsion system option.

Starting comprehensively, Table 7.21 shows the environmental LCIA scores for every system design
and impact category. These results are expressed in the correct units for each impact category, without
being normalised or weighted yet. For each category, the average and relative standard deviation (SD)
is also included, showing the general spread in the results and indicating for which impact categories the
differences between the propellants are the greatest. Out of the 21 impact categories, the LMP-103S
system achieves the worst score for 16, usually closely followed by the ASCENT system, whereas the
hydrazine system has the worst performance for four impact categories and the 98% HTP system for
one, being Resource use, minerals and metals, reserve base. Looking into the contributions for the
latter result, it is presumed that the extraction of titanium is improperly characterised for this impact
category, such that the HTP system’s use of an aluminium tank is incorrectly considered as resulting
in a larger usage of metals and minerals than the use of a titanium propellant tank.

The single score results clearly indicate that the LMP-103S and ASCENT propulsion systems have
a much higher environmental impact than the hydrazine and 98% HTP system designs, as shown
in Figure 7.2. Expressing the environmental single scores in a percentage relative to the hydrazine
results, the LMP-103S system scores 448%, the ASCENT system 427% and the 98% HTP system
only 35%. The calculation of the single score, using the normalised and weighted contributions of the
impact categories included in the EF framework, is shown in Appendix D. Inspecting Table D.1, it is
clear that the five impact categories contributing the most to the large environmental impact of the EIL
systems are, in order: Ecotoxicity, freshwater, Resource use, minerals and metals, ultimate reserve,
Acidification, Eutrophication, freshwater and Climate change. Each of these categories will now be
discussed in more detail.

500 -
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300 A
X 250 A
200 A
150 A
100 A
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u Hydrazine

mASCENT

= MP-103S
98% HTP

Environmental Single Score - relative to Hydrazine

Figure 7.2: Environmental single score results, relative to hydrazine
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#1: Ecotoxicity, freshwater

The greatest contribution to the single score environmental impact, as such indicating that it is the im-
pact category where the propulsion system life cycles have the highest impact on the natural environ-
ment when compared to other products, is Ecotoxicity, freshwater. This impact category is expressed
in terms of Comparative Toxicity Units (CTUe), as defined by the USEtox standard [14]. In the case
of the LMP-103S system, it makes up about 57% of the total environmental impact score, after being
normalised and weighted with respect to the other environmental impact categories. A comparison of
the impact scores is shown in Figure 7.3, showing that the performance of the ASCENT and LMP-103S
systems is quite similar and about an order of magnitude worse than the hydrazine score. The large
difference between the results of the EIL systems and the other two options is also reflected in the
high relative standard deviation of 0.83, shown in Table 7.22. Considering the share that Ecotoxicity,
freshwater takes up of the environmental single score, the results are somewhat more similar.

1.60E+06
1.40E+06 A
1.20E+06 -
1.00E+06 1 m Hydrazine

®
P 8.00E+05 - = ASCENT
O = LMP-103S

98% HTP

6.00E+05 -
4.00E+05 H
2.00E+05 -
0.00E+00

Ecotoxicity, freshwater

Figure 7.3: Ecotoxicity, freshwater impact results

Looking into the contributions to this impact category provided by the various processes in the PS
LCls in Table 7.22, it is found that the production of iridium, used in the catalyst for the hydrazine,
ASCENT and LMP-103S thrusters, as well as in the combustion chamber of the ASCENT and LMP-
103S thrusters, and platinum, used in the HTP catalytic bed, make up the largest portion of the impact
for most of the PS options. Furthermore, it is found that especially the proxy of platinum mined in South
Africa results in a very high impact. This dataset was updated in 2019 in ecoinvent 3.6 [101]. An in-
depth LCA of PGM production indicates that this large environmental impact is due to the large amount
of electricity required for PGM mining, which is mostly sourced from coal-fired plants in South Africa
[209]. For the hydrazine case study, the production of hydrazine results in the largest single contribution
to the Ecotoxicity, freshwater impact category. The contributions of the titanium and aluminium tank in
the case of the hydrazine and 98% HTP system respectively arise from the large amount of material
that is turned and milled away during the production of the half-spherical tank domes.



7.5. Life cycle impact assessment: results and discussion 116

Table 7.22: Comparative overview of Ecotoxicity, freshwater impact results. CB=Catalyst bed, CC=Combustion chamber,
FCV=Flow control valve.

Hydrazine ASCENT LMP-103S 98% HTP Average Rel. SD
'['(‘;"TC’S‘;; score | 2 48E+05 1.45E+06 1.51E+06 4.27E+04 | 8.14E+05  0.83
Single score 41.58 57.14 56.52 20.30 4388  0.34
contribution [%]
#1 Contribution 41 %: 83 %: 80 %: 47 %:
Hydrazine Iridium (CC) Iridium (CC)  Platinum (CB)
I 31 %: 8 %: 8 %: 39 %:
#2 Contribution iy (CB)  Rhenium (CC) Rhenium (CC) Al tank
I 23 %: 5 %: 5 %: 3 %:
#3 Contribution i Nk iridium (CB)  Iridium (CB) FCV

#2: Resource use, metals and minerals, ultimate reserve

The second most important environmental impact category is that of Resource use, metals and min-
erals, ultimate reserve, where the usage of rhenium in the combustion chamber leads to the relatively
high impact scores for the ASCENT and LMP-103S propulsion systems. As presented in Figure 7.4,
the impact of the EIL PS options once again exceeds that of the other two options by an order of mag-
nitude. The impact category is characterised in terms of kg Sb eq, as this is the unit preferred in the
European EF methodology [111].
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Figure 7.4: Resource use, metals and minerals ultimate reserve impact results

Next to the use of rhenium and iridium, which are both relatively rare metals, the use of silver in the wires
and junction box of the catalyst bed heater is also a contributor for each of the PS options as indicated
in Table 7.23. The table also shows that the aluminium tank makes up a larger contribution to the HTP
system’s impact than the titanium tank does for the hydrazine system. This is partly due to the fact
that a larger tank, thus more aluminium, is required for the HTP system. However, as indicated before,
the fact that titanium production results in a smaller impact for resource use than aluminium production
seems to indicate an error in the characterisation of the titanium production dataset included in the
SSSD.
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Table 7.23: Comparative overview of Resource use, minerals and metals, ultimate reserve impact results. CB=Catalyst bed,
CC=Combustion chamber.

Hydrazine ASCENT LMP-103S 98% HTP Average Rel. SD
Impact score | 5 94 ) 7.19E-01 7.23E-01 3.42E-02 | 379E-01  0.90
[kg Sb eq]
Single score 478 20.60 19.75 11.86 1425 045
contribution [%]
#1 Contribution 28 %: 83 %: 82 %: 37 %:
CB heater Rhenium (CC) Rhenium (CC) Al tank
o 16 %: 14 %: 13 %: 32 %:
#2 Contribution iy (CB)  Iridium (CC)  Iridium (CC)  CB heater
.y 25 %: 2 %: 2 %: 23 %:
#3 Contribution Ti tank CB heater CB heater Platinum (CB)

#3: Acidification

The bar chart representation for the Acidification impact category in Figure 7.5 continues the trend of the
previous two categories, where ASCENT and LMP-103S score much worse than the other two options
due to their use of iridium in the thruster combustion chamber. Acidification describes the deposition
of acidifying substances in sensitive terrestrial and freshwater ecosystems in terms of mol of hydrogen
ions.
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Figure 7.5: Acidification impact results

As for the Ecotoxicity, freshwater category, the environmental burden of iridium and platinum produc-
tion for Acidification is explained by its use of electricity sourced from coal in South Africa. This impact
category is the first where the environmental impact of clean room fuelling makes a significant con-
tribution to the hydrazine system’s score. The main contribution of this process to Acidification is the
release of ammonia and nitrogen oxides to the air [111]. Once again, the material- and energy-intensive
process of tank production also contributes significantly for the hydrazine and HTP systems.
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Table 7.24: Comparative overview of Acidification impact results. CB=Catalyst bed, CC=Combustion chamber.

Hydrazine ASCENT LMP-103S 98% HTP Average Rel. SD

Impact score 6.01E+01 2.91E+02  2.98E+02 2.67E+01 1.69E+02  0.74

[mol H+ eq]
Single score
contribution [%] 7.06 7.86 7.66 8.73 7.83 0.08
#1 Contribution 36 %: 87 %: 86 %: 36 %:
Fuelling Iridium (CC) Iridium (CC) Platinum (CB)

I 27 %: 5 %: 5 %: 32 %:
#2 Contribution i im (CB)  Iridium (CB)  Iridium (CB) Al tank

I 26 %: 4 %: 4 %: 23 %:
#3 Contribution Ti tank Ti tank Ti tank Fuelling

#4: Eutrophication, freshwater

In the impact category of Eutrophication, freshwater, the scores of the EIL propulsion systems lie some-
what closer to that of hydrazine, as shown in Figure 7.6. Eutrophication, freshwater expresses the de-
gree to which nutrients are deposited in aquatic ecosystems, in terms of kg of phosphorus (P), which
is included as phosphate in many fertilisers. As indicated by the tabulated top 3 of processes contribut-
ing to this impact category in Table 7.25, the extraction and processing of iridium and rhenium again
explain the poor results of the ASCENT and LMP-103S systems. In the other contributing processes,
it is mostly the usage of fossil energy that leads to eutrophication.
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Figure 7.6: Eutrophication impact results

In all the impact categories presented so far, it is remarkable that the impact of ASCENT and LMP-
103S is quite similar, with LMP-103S always performing slightly worse. This is explained by the fact
that the impact assessment results are dominated by the use of iridium and rhenium in the combustion
chambers of the ASCENT and LMP-103S thrusters, with the extraction of iridium or rhenium being the
largest two contributors by far in each of the impact categories. As the ASCENT thruster LCl is entirely
based on the ECAPS 1 N HPGP thruster, the amount of rhenium and iridium used for the combustion
chambers of both EIL propellants is the same. Nonetheless, as a closer inspection of Tables 7.22,
7.23, 7.24 and 7.25 reveals, this impact consistently represents a smaller portion for the LMP-103S
system, because of two main reasons. Firstly, due to LMP-103S’ lower I, with respect to ASCENT,
the LMP-103S PS requires a larger propellant tank to meet the case study PS requirements, leading
to a larger contribution of the titanium tank. Secondly, although this is not shown in the tables so far,
the LCIA data reveals that the production process of LMP-103S, and more specifically of ADN, is more
environmentally damaging than that of ASCENT. As such, these differences between the ASCENT and
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LMP-103S systems mean that using LMP-103S leads to a larger system environmental impact.

Table 7.25: Comparative overview of Eutrophication, freshwater impact results. CB=Catalyst bed, CC=Combustion chamber.

Hydrazine ASCENT LMP-103S 98% HTP Average Rel. SD
Impact score | , j3r.00  4.18E+00 4.50E+00 9.80E-01 | 2.92E+00  0.50
[kg P eq]
Single score
sontributon (%] | 7% 3.85 3.95 10.93 6.68 0.44
— 66 %: 44 %: 40 %: 56 %:
#1 Contribution  4onk iridium (CC)  Iridium (CC) Al tank
o 13 %: 26 %: 25 %: 29 %:
#2 Contribution £/ ing Rhenium (CC)  Titank  Platinum (CB)
I 10 %: 23 %: 24 %: 8 %:
#3 Contribution 4 4 ine Ti tank Rhenium (CC)  Fuelling

#5: Climate change

The fifth most important environmental impact category in this LCSA is Climate change, estimating the
release of greenhouse gases in kg CO, eq. The scores of the various PS options are closer to each
other here, as shown graphically in Figure 7.7, and quantitatively by the relative standard deviation of
only 0.32 shown in Table 7.26.
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Figure 7.7: Climate change impact results

A main contribution to the Climate change impact of each of the systems is electricity consumption
in propellant tank production. This impact is partly due to the significant material production of either
Ti-6Al-4V or Al5254, removed during tank manufacturing. As an illustration: to produce the 2.48 kg
titanium tank in the hydrazine system, about 41 kg of titanium is removed by milling and turning. While
the material waste can be reused, the milling and turning processes are also energy-intensive. Next to
the production of the propellant tanks, the extraction of iridium once again is one of the top contributors
for the ASCENT and LMP-103S systems. In the end, the LMP-103S system scores the worst because
of the Climate change impact of its propellant production.
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Table 7.26: Comparative overview of Climate change impact results. CB=Catalyst bed, CC=Combustion chamber.

Hydrazine ASCENT LMP-103S 98% HTP Average Rel. SD

Impact score 4.13E+03 4.12E+03 5.33E+03 1.87E+03 | 3.86E+03  0.32
[kg CO2 eq]
Single score
contribution [%] 10.68 2.49 3.07 13.74 7.50 0.65

i 58 %: 42 %: 38 %: 70 %:
#1 Contribution Ti tank Ti tank Ti tank Al tank

_— 17 %: 37 %: 29 %: 10 %:
#2 Contribution Prop. handling Iridium (CC) Iridium (CC) Prop. handling

13 %: 5 %: 19 %: 6 %:

#3 Contribution 4 7ine Prop. handiing  LMP-103S  Platinum (CB)

7.5.2. Economic sustainability

Turning to the economic dimension, the dominant impact of hydrazine fuelling becomes quite noticeable,
indicating that for the size of PS considered here, the fuelling cost represents a large portion of the total
cost. The cost of the novel monopropellant systems including fuelling are all similar, as shown in
Figure 7.8 and Table 7.27, primarily due to the assumption that the system assembly and fuelling cost
for these propellants are the same. The finding that using hydrazine results in a more costly PS life
cycle also seems to align well with literature indicating that using novel monopropellants would results
in significant cost savings [9], [197].
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Figure 7.8: Economic impact single score results

Ranking the different processes contributing to the overall cost of each PS life cycle, the same top 3
appears for each of the propellant options, with fuelling contributing much more than the system as-
sembly and thruster production costs. The cost of PS assembly was based on the estimation that 1000
labour hours are involved in this process, irrespective of the propellant type. This constant contribution
to each system cost has partly led to a convergence of all the results, indicated by the small relative
standard deviation of 0.16. In the fiscal conditions of 2023, it is estimated that the hydrazine PS plus
fuelling would cost 2.40 million €, whereas the other propulsion system options would cost less than
1.77 million €. The increased thruster cost for the EIL PS options makes them more expensive than the
98% HTP option, but relative to the estimated novel monopropellant fuelling cost of around 1.1 million
€, this difference is rather minor.
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Table 7.27: Comparative overview of the Economic impact, single score results

Hydrazine ASCENT LMP-103S 98% HTP Average Rel. SD

Impact score 1.38E+06 1.00E+05 1.02E+05 0.51E+05 | 1.89E+05  0.16

[EUR 2000]
Impact score
[EUR 2023] 2.40E+06 1.75E+06 1.77E+06 1.65E+06 1.89E+06 0.16
Score relative
to hydrazine [%] 100 73 74 69 78.22 0.16
I 76 %: 63 %: 62 %: 66 %:
#1 Contribution Fuelling Fuelling Fuelling Fuelling
49 Contribution 11 %: 15 %: 14 %: 15 %:
PS Assembly PS Assembly PS Assembly PS Assembly
_— 8 %: 17 %: 17 %: 12 %:
#3 Contribution Thrusters Thrusters Thrusters Thrusters

While it is likely that fuelling cost would account for a large share of the total life cycle cost of a small
monopropellant propulsion system, it is also true that this cost has only been estimated very approxi-
mately, using secondary data. As such, it is also interesting to make a comparison of the PS options
without including this estimated cost of fuelling. In Figure 7.9, the life cycle cost of the different PS op-
tions is shown with the (much lower) clean room fuelling cost estimation included in the SSSD dataset
[111]. This indicates that the two EIL options are the most expensive, due to the increased thruster cost
and, for LMP-103S, the relatively high propellant cost at 1200$ per kg in 2023 currency. This finding is
once again not entirely unambiguous, as the estimation of thruster cost has been based on secondary
data in a single source. Nevertheless, the finding that the EIL monopropellant systems cost more to
produce is also somewhat intuitive, due to the novelty of these systems.
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Figure 7.9: Economic impact single score results, without including fuelling cost

7.5.3. Social sustainability

As discussed in Subsection 4.4.2, the social score in the SSSD Sustainability LCIA methodology is
based on an assessment of the various impact categories in the Worker and Value Chain Actors stake-
holder groups, at the level of the countries where labour is performed during the life cycle phases within
the system boundaries of the LCSA. As a first disclaimer, it should be stated that social flows are only
included for core processes, such that the social impact of upstream processes, for example related to
raw material extraction, are not included in the assessment. The impact of this omission will be further
investigated in Section 8.4.
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Secondly, due to the relative lack of data regarding the number of labour hours involved in certain
processes, much of the social data was approximated using the cost of the respective process. This
simplifying assumption reduces the accuracy of the social impact assessment. Still, the specification
of where the process takes place, which also influences the social score, was based on the choice of
components in Section 6.4 and implemented in the LCls shown in Section 7.4.

The social single score results are shown in Figure 7.10, expressed relative to the hydrazine system’s
impact in percentage, as the absolute values in the social score do not have a significant meaning. As
the bar chart indicates, the LMP-103S system scores slightly worse than hydrazine, while the 98% HTP
once again has the lowest impact.
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Social impact, relative to hydrazine
Figure 7.10: Social impact single score results, relative to hydrazine

The uniformly assumed PS assembly time of 1000 labour hours constitutes the largest social impact
for each of the propellant options. The fact that the same amount of labour hours is assumed here
for each option has the consequence that the results lie very close to each other, with a relative SD of
only 0.09 shown in Table 7.28. A more detailed look into the social impact of the various processes
indicates that the most expensive components, such as the thruster FCV or combustion chamber, are
main contributors to the overall social impact, showing the effect of the assumption linking cost to social
score. In that regard, the fact that the ASCENT thruster uses a single seat FCV, which is assumed to be
produced twice as fast as a double seat FCV, results in its lower social score compared to LMP-103S. It
is also notable that many of the production processes shown in Table 7.28 take place in the US, which
has a worse social score per labour hour than the general EU dataset (13.9 for US and 9.8 for EU).
As such, it might be possible to reduce the social impact of labour-intensive processes by performing
them in Europe.

Clean room fuelling is also included as one of the main contributors to the social impact, and it is
important to note that this inclusion is solely due to the number and location of working hours in this
process. As such, the potential social harm that exposure to hydrazine may cause to human health or
overall working conditions, is not reflected by these results. This is deemed to be a general limitation
of the social LCIA method used in this research, and will be further discussed in Section 8.4.

7.5.4. Single score sustainability

Combining the three sustainability dimensions in a single score is done by normalising each of the
impact scores, using the normalisation factors shown in Table 4.1, and then weighting each of the
sustainability dimensions according to the number of UN SDGs that are related to each of them [14].
This leads to the weighting as shown in Equation 4.1, where the environmental, economic and social
scores respectively account for 18%, 29% and 53% of the total sustainability score. Before applying
this weighting, it is important to note that the social score is first multiplied by 3, as the current version of
the SSSD only contains social flows for two out of a total of six stakeholder categories [14]. Because the
method of the SSSD combining the various sustainability concerns is quite subjective to the selected
weighting and normalisation factors, only a minor importance is given to the sustainability single score
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Table 7.28: Comparative overview of Social impact, single score results. CC=Combustion chamber, FCV=Flow control valve.

Hydrazine ASCENT LMP-103S 98% HTP Average Rel. SD

Impact score [-] 3.73E+04 3.49E+04 3.94E+04 3.11E+04 3.57E+04 0.09
Score relative
to hydrazine [%] 100 94 106 83 95.71 0.09
#1 Contribution 29 %: 30 %: 27 %: 34 %:
PS Assembly PS Assembly PS Assembly PS Assembly
o 22 %: 29 %: 26 %: 18 %:
#2 Contribution Fuelling Re/IrCC  Re/Ir CC FCV
_— 15 %: 13 %: 14 %: 15 %:
#3 Contribution FCV Fuelling FCV Inconel CC

results, while it does provide a way of answering the question as to which monopropellant system is
"the most sustainable overall”.

The overall sustainability single scores are shown in Table 7.29. The contributions from the environ-
mental, economic and social impacts in the table are already normalised and weighted, showing the
dominance of the economic dimension. With the overall sustainability being almost entirely defined by
the economic sustainability, the hydrazine option is identified as the least sustainable option, due to its
high fuelling cost. The fact that the economic dimension dominates the overall sustainability is interest-
ing for a few reasons. Firstly, it seems to indicate that the largest sustainability issues of the various
monopropellant system life cycles are not related to their social or environmental impact, but to the use
of funds that could alternatively be used for other purposes. Secondly, this normalisation and weighting
method has resulted in the economic dimension being deemed more important than the environmental
and social, which is consistent with the economic motivation present in novel monopropellant research
to avoid hydrazine fuelling costs.

The large dependence of the total sustainability results on the economic impact also has the effect
of reducing the relative difference between the sustainability of each of the monopropellant options,
as indicated by the low relative standard deviation of 0.16 in Table 7.29. In a scenario where the
environmental impact would result in the dominant contribution to overall sustainability, this difference
would be much larger, with the ASCENT and LMP-103S systems scoring much worse than the other
two. This also shows why it may be misleading to use the single score sustainability as a metric to
compare the "overall” sustainability of the various propulsion systems. While it does allow for a more
straightforward comparison between the different options and a potential inclusion in quantitative trade-
off procedures, a single sustainability score may obscure important differences between the options,
and result in misleading conclusions. As an alternative, one may consider which option scores the
worst in each of the sustainability dimensions, as indicated in bold in Table 7.29. With this approach, it
is clear that the LMP-103S system is the least sustainable "overall”, as it has the largest environmental
and social impact, and the second largest economic impact.
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Table 7.29: Comparative overview of Sustainability impact, single score results. Reported environmental, economic and social
impact scores are normalised and weighted.

Hydrazine ASCENT LMP-103S 98% HTP Average Rel. SD

Environmental
impact score
Economic
impact score
Social

impact score

0.17 0.75 0.78 0.06 0.44 0.74

55883.97 40568.89 41072.29 38445.78 | 43992.73 0.16

1.80 1.69 1.90 1.50 1.72 0.09

Sustainability
impact score [-]
Relative to
hydrazine [%]

55885.94 40571.32 41074.98 38447.34 | 43994.90 0.16

100 72.60 73.50 68.80 78.72 0.16

7.6. Conclusion

This chapter has discussed the execution and results of the LCSA comparing the life cycle sustainability
of the various propulsion systems, designed in Section 6.4. In accordance with the standard LCSA
procedure, the goal and scope of the LCSA was first clearly defined, using the guidelines of the ESA
LCA handbook [15]. Herein, it was specified that the LCSA would consider the production and testing
of each separate component in the PS designs making up more than 5% of the dry mass, including
upstream processes, the assembly and testing of the propulsion systems, the transport of the systems
to the launch site, assumed to be Kourou in French Guyana, and their fuelling before launch.

To accurately model the production of these components, new processes were added to the SSSD
using the LCA software openLCA, the life cycle inventories of which were based on publicly available
data. In total, two new upstream processes were created, modelling the extraction of iridium and
rhenium, and 24 new core processes were created, modelling the production of various components,
the assembly and fuelling of the various propulsion systems and the production of 98% concentrated
HTP. For life cycle inventories deemed to have a large influence on the final results, further validation
will be performed in Section 8.2 where sufficient data is available to do this.

With an accurate representation of the life cycle inventory for each of the propulsion systems, a life
cycle impact assessment was carried out using the SSSD Sustainability LCIA method, which includes
21 environmental impact categories and single score assessments for the economic and social dimen-
sions. In the environmental realm, the ASCENT and LMP-103S systems have a much greater impact
than the hydrazine and 98% HTP options. This was found to be due to their use of iridium and rhenium
in the thruster combustion chamber, with both refractory metals having a very environmentally straining
production process. Normalising the environmental impact categories, the Ecotoxicity, freshwater cat-
egory was deemed to be the most relevant for this case study. Across the different impact categories,
the LMP-103S system has the largest environmental impact, performing worse than ASCENT due to
its larger propellant tank size and more polluting propellant production process. The 98% HTP system
leads to the lowest environmental impact, with an overall environmental score around a third as large
as that of the hydrazine propulsion system.

In the assessment of the economic life cycle impact of each of the systems, the estimated cost of fu-
elling dominates the score for each of the propellant options. This is probably realistic, as the reduced
cost of fuelling novel monopropellants has been discussed as having the most potential for small satel-
lite propulsion systems [7]. It is therefore somewhat problematic that the fuelling cost of the hydrazine
and novel monopropellant systems could only be approximated using secondary data sources. Ac-
knowledging the lack of accuracy in this part of the results, an overview has also been presented of
the economic impact of each PS without considering the fuelling cost. This comparison reveals that
the EIL options once again perform the worst, due to their increased thruster cost, with the LMP-103S
system resulting in the highest cost, due to the relatively high cost of the LMP-103S propellant.
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The LMP-103S system also has the highest social score, followed by the hydrazine system. As the
social LCIA methodology uses the number and location of labour hours included in each process, this
reflects the estimation that the LMP-103S system has the most labour-intensive life cycle, due to the
exotic manufacturing process for its rhenium/iridium combustion chamber and its use of double seat
FCVs, whereas the ASCENT thrusters also feature the rhenium/iridium combustion chamber but only
include single seat FCVs. For the hydrazine system, the lengthy fuelling procedure is a main contributor
to the social impact. The PS assembly procedure is the number 1 contributor for the social impact of
each propellant option, and the required labour hours in this process are estimated with relatively high
accuracy.

In comparing the overall sustainability of the four monopropellant systems, one may calculate a total
sustainability score, which normalises and weights the single impact scores for each of the sustainability
dimensions. In doing this, it is found that the economic impact of the systems outweighs the environ-
mental and social impact by four orders of magnitude, leading to the finding that the hydrazine system
is the least sustainable. However, this approach is deemed to only be of minor use, as the assignment
of normalisation and weighting factors to compare environmental, economic and social sustainability is
rather subjective. Instead, it is considered more relevant to consider the ranking of each of the PS op-
tions in each of the sustainability dimensions, to produce a more detailed representation of the overall
sustainability profile of each option. Using this method, it is concluded that the LMP-103S system is the
least sustainable option, as it has the highest environmental and social impact, and the second highest
economic impact. A further validation and evaluation of the LCSA results is presented in Chapter 8.



Evaluation and Interpretation of
Results

8.1. Introduction

In the previous chapter, the results from the LCSA of the four monopropellant systems have been pre-
sented and discussed, indicating that the EIL propulsion systems using ASCENT and LMP-103S score
the worst environmentally, whereas the hydrazine system has the largest life cycle economic impact
and the LMP-103S system is the least socially sustainable option. These outcomes were respectively
attributed to the use of rhenium and iridium in the EIL thruster, the high cost of fuelling hydrazine and
the labour-intensive and American production of complex components of the LMP-103S thruster. While
this interpretation of the results has been justified somewhat within Section 7.5, this chapter will delve
deeper into this reasoning and validate whether these proposed explanations are accurate.

First, Section 8.2 will consider key results from the LCI analysis and LCIA and validate these with
literature. This section will focus on the processes that have been identified in Section 7.5 as being
main contributors to the various impact categories. As such, it is acknowledged that this does not
constitute a full validation of the LCSA, which would include a validation of each LCI dataset, but this
is considered outside the scope of the current research.

While also being discussed as part of Section 8.2, Section 8.3 will concentrate on the data quality of
the newly added processes. In this discussion the data quality pedigree matrix, introduced in Subsec-
tion 4.4.2, of each process is considered, to estimate which areas of the LCSA hold the most and least
uncertainty. After this, Section 8.4 will evaluate the used research methodology more broadly, to con-
sider what can and cannot be inferred from its results. This will include a discussion on the pre-existing
LCIA methodology that was used, and consider how this might be adjusted to facilitate a more thorough
assessment of the sustainability of propulsion systems in particular.

Finally, Section 8.5 will further build onto the results of the LCSA to provide specific design recom-
mendations which would improve the sustainability of each of the systems. This will be done based
on the identification of environmental, economic and social hotspots within the LCSA results of each
monopropellant system.

8.2. Validation of LCSA results

As this research has been set up to specifically fill the gap that exists regarding the life cycle sustainabil-
ity of monopropellant systems using either hydrazine or novel monopropellants, it is generally difficult
to validate the overall results or findings with results from other LCA or LCSA studies. In a previous ap-
plication of the SSSD LCSA methodology, Wilson et al. have found that producing hydrazine propellant
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has a lower environmental impact than the production of LMP-103S, while the increased performance
of LMP-103S does lead to mass savings, in turn resulting in a lower environmental impact when the
entire spacecraft is considered [14]. However, as the datasets leading to this conclusion are already
included in the SSSD, while not containing the level of detail added in this research, for example dif-
ferentiating the thruster materials for hydrazine and LMP-103S, it is somewhat redundant to perform
validation using this data. What this does indicate however, is that the scope of this research being
limited to the propulsion system most likely has a significant impact on the overall conclusions that are
drawn. This will be further discussed in Section 8.4.

In this section, a brief validation will first be performed of the LCI definition of some important compo-
nents and processes, keeping in mind the impact on the final LCSA results in Subsection 8.2.1. This is
mainly done by critically evaluating the setup of the life cycles and comparing this with literature, due to
the lack of comparable datasets. Due to a greater data availability, the validation of the LCIA process
will be somewhat more extensive, mostly looking into the validity of the estimated environmental impact
of key processes in Subsection 8.2.2.

8.2.1. Validation of LCI definitions

As a first note on the validity of the used datasets in the LCSA, it is worth indicating that most of the
secondary data used in defining the new core processes is sourced from either ecoinvent or the SSSD,
the former being frequently updated and validated with reliable international data, and the latter having
been formally validated with the ESA LCA database in 2018 and since then being updated in line
with new findings in the further development of the ESA LCA database [101], [110]. Almost all of the
upstream processes in this LCSA are therefore deemed to be previously validated, which already adds
a degree of reliability to the results. For the two new upstream processes modelling the production of
iridium and rhenium, validation of their environmental impact will be performed in the following section.

For almost all of the newly added core processes, no comparable datasets can be found in the SSSD,
ESA LCA database or ecoinvent, making it infeasible to perform a detailed validation of each process’
LCI. This is only deemed possible for the newly created process of 98% HTP production, for which a
process also exists in the ESA LCA database. Validating the LCI of other processes with literature out-
side of LCA databases is also somewhat complicated, as much of what could be found in public sources
has been used to inform the construction of the LCls. Nonetheless, the implementation of certain as-
sumptions in the LCI definitions is not entirely unambiguous and can be interrogated through further
literature research. Additionally, the definition of system boundaries for each of the core processes
could not be performed entirely consistently, making it another subject for validation.

LCI of valves

In the LCI definition of each of the valves included in the propulsion systems, substantial assumptions
had to be made regarding the production process of these complex components. Firstly, due to a lack
of data, the Moog 1/4 inch single line stainless steel torque motor valve [183], which had been selected
in Section 6.4 as the isolation valve in the PS architecture inspired by the component selection of the
PRISMA HPGP PS [62], was modelled as a single seat solenoid latch valve [200]. This should not
be considered as a very accurate proxy, given the fact that torque motor valves operate with working
principles that are somewhat different from solenoid valves, likely resulting in different materials or
proportions of materials being used in the two valve types [210].

Additionally, the LCI of both the fill/drain valve and solenoid double seat flow control valve were based
on cutaway technical drawings showing the approximate dimensions of internal components, as shown
in Appendix C. While this is deemed to give a relatively accurate estimate of the required volume and
mass of specific materials (e.g. copper used in the solenoid coil, rubber used in the valve seat), these
drawings and the documents from which they are adapted do not provide an adequate description of
how the internal components are fabricated. Instead, the valve LClIs only consider a generic metalwork-
ing procedure for the external housing, with steel being forged, extruded and machined. As indicated
by prior LCAs of complex space-specific components, the simplification of the LCI can have a large and
unpredictable impact on the final results, with some impact categories improving and other deteriorating
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with an increase in LCIl accuracy [211].

Comparing the top-level parameters of the selected Moog fill/drain valve with other possible options,
produced by Nammo or ArianeGroup, it is found that the Moog model is around four times heavier
(200 g compared to around 50 g) [167], [187], [212]. The exact reason for this difference has not yet
been identified, but as the overall LCIA impact of the fill/drain valve is minor, this is acceptable. For
the selected Moog flow control valve used in each of the thrusters, a comparable model produced by
Nammo does have a similar total mass of 200 g, and similar outer dimensions are also found for the
Nammo and Valvetech FCVs [200], [202], [213].

LCI of propellant tanks

To validate the LCI of the titanium and aluminium diaphragm tanks included in the different PS op-
tions, reference is made to the ESA LCA DB entry for Spherical tank, TiAI6V4, average, on which the
definition of the tank LCls in the SSSD are based. This dataset was set up and validated under an
ESA contract, and concerns a PMD tank, as such only containing metallic components and not an
elastomeric diaphragm [15], [98]. In the LCI definition for the diaphragm tanks in this study, the gen-
eral production chronology was adapted from the ESA LCA dataset, consisting of material production,
forging of large alloyed blocks, roughly machining these forgings to create two semi-spherical domes,
strengthening these parts through solution heat treatment and quenching, and then further machining
the domes to their final shape. A deviation from the ESA LCA dataset is obviously made with regards
to the inclusion of a metallic PMD, and based on the tank sizing in Section 6.4, an estimation is made
of the proportion of shell mass to diaphragm mass for a 1 kg tank, considering the titanium and alu-
minium model separately. The elastomeric diaphragm is then considered to be clamped between the
two semi-spherical shell halves that are welded together by tungsten inert gas (TIG) welding. The val-
idated ESA LCA dataset is again adhered to for the acceptance testing procedure, where use can be
made of pre-existing testing processes in the SSSD.

Although the propellant tank LCI in the ESA LCA DB models a PMD tank while the new LCI datasets
model diaphragm tanks, it is still useful to make a direct comparison between the two, to consider
whether the observed differences reflect the physical differences between the tank types. This com-
parison is shown in Table 8.1, where it is immediately clear that the general process definition has
been based on the existing ESA LCA dataset. The most obvious difference is firstly that the diaphragm
tank LCI contains a few additional processes, including the production of the elastomeric diaphragm,
and transport and social flows. There is also a difference in the amount of titanium produced with the
Titanium, TiAlI6V4 flow, due to a difference in process definition for the milling and turning processes,
where the SSSD versions include the production of the titanium that is removed.

There are also noticeable discrepancies related to the tank dimensions, where the ESA LCA DB tank
predicts a shorter welded seam and smaller outer surface area, but a larger internal volume. This is
deemed to be an inconsistency in the ESA LCA dataset, due to the fact that the dataset for the 1 kg
propellant tank has been constructed based on a uniform downscaling of the 1 m? tank dataset for which
primary data was obtained [15]. This adaptation did not take into account the fact that tank parameters
such as the internal volume or total surface area do not scale linearly with tank mass. In any case, it is
somewhat intuitive that the diaphragm tank would feature a larger internal volume for the same mass,
given the fact that the absence of a titanium PMD allows for more mass to be allocated to a larger tank
shell. In the newly created process, it was also chosen to replace the Degreasing, metal part in alkaline
bath process with an anodising process deemed to more relevant for the surface treatment procedure
of the diaphragm tank. Both the inner and outer surface area of the shell are assumed to be anodised.

Overall, the validation of the propellant tank LCl is not conclusive, as it is unclear whether the observed
differences are due to deliberate modelling assumptions or due to the limitations of scaling up or down
processes to result in output flows in different units. The majority of the life cycle steps included in
the new dataset have been sourced directly from the SSSD, which has incorporated the custom ESA
LCA datasets that were created to model the PMD propellant tank considered in this comparison. The
possible errors included in the new LCI are not deemed to be very dramatic however, as the quantity
of most included flows is estimated at a similar order of magnitude as the ESA LCA dataset.
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Table 8.1: Validation of titanium propellant tank life cycle inventory with respect to ESA LCA dataset [15]

ESA LCA DB: New:
Spherical Tank, TiAI6V4, Diaphragm propellant tank-
average (1 kg) [15] spherical-Ti6AI4V (1 kg)

Flow Amount Flow Amount Unit
Automated Eddy Current inspection 0.0170 same 0.855 m
Degreasing, metal part in alkaline bath 0.187 ar?o_dlsmg, 0.464 m?

aluminium sheet
Dye penetrant inspection 0.0934 same 0.232 m?
Expulsion Efficiency inspection 0.0193 same 0.0105 m?
External Leak inspection 0.0193 same 0.0105 m3
Hleat.Treatment, Solution Treatment and Aging, 15.962 same 175 kg
Titanium alloys
Heat Treatment, Stress Relieving, Titanium alloys  0.788 same 0.875 kg
Negative Pressure inspection 0.0193 same 0.0105 m?
Pressure Cycle inspection 0.0193 same 0.0105 m?
Proof Pressure inspection 0.0193 same 0.0105 m>
TIG welding, TiAl6V4 0.0170 same 0.855 m
Titanium Alloys removed by milling, CNC 8.977 same 6.65 kg
Titanium Alloys removed by turning, CNC 5.985 same 9.975 kg
Titanium, TiAI6V4 15.962 same 0.875 kg
Total Design Loads inspection 0.0193 same 0.0105 m>
Ultrasonic inspection 0.0193 same 0.0105 m3
Vibration test 0.0193 same 0.0105 m3
Volumetric Capacity examination 0.0193 same 0.0105 m>
X-ray/radiographic inspection 0.0934 same 0.232 m?
Additional flows
EPDM Product 0.125 kg
Org. Time
Contribution (Nat)-Us 192 Work-hours
transport, freight, 075 ‘e b
lorry

LCI of thrusters

Similar to the LCI definition of the valves in the propulsion system, the production and assembly of
thruster components was also based mostly on secondary data. There is also a dataset in the SSSD
modelling the production of a 1 N hydrazine monopropellant thruster, but as the LCI definition contained
a limited level of detail, roughly considering a 1 kg thruster to be made up of 0.98 kg of aluminium and
0.02 kg of polyurethane foam, it is considered to be of little use for the present research.

There are several parts of the thruster life cycles where the accuracy of the current LCI are limited.
Firstly, in the modelling of the catalyst bed production, the main focus was on the extraction and produc-
tion of the catalyst materials, whereas other crucial production steps, for example related to the creation
of alumina pellets, or the impregnation of these pellets with a catalytic top layer, were neglected, due to
the limited description of the exact steps in catalyst production reported in open literature. Furthermore,
as the use of granulated aluminal/iridium catalyst is rather specific to its use in monopropellant thrusters,
no LCI data could be found to validate the created dataset. The LCI of the catalyst bed heater may be
considered to be more accurate, as it was constructed based on correspondence with an engineer at
Thermocoax. Still, there is a very large simplification in the usage of the SSSD Thermostat dataset to
model the production of the catalyst bed heater’s junction box. While it is probable that similar materials
and electronics are included in both components, limited information could be obtained related to the
internal configuration of the junction box.
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The production of the thruster combustion chambers was based on the available data for flight-proven
1 N monopropellant thrusters, using technical drawings or renderings of the Aerojet Rocketdyne MR-
103J, ArianeGroup 1 N thruster and ECAPS 1 N HPGP thruster [125], [202], [206], which are included
in Appendix B. This modelling is therefore mostly based on outer dimensions, with the exact con-
figuration or materials of internal combustion chamber components not being known. Furthermore,
while the SSSD dataset of the 1 N thruster seems to assume combustion chamber and nozzle are
formed through casting, the new datasets have considered the production to be composed of forging
and milling. In the case of the rhenium/iridium combustion chamber, the patented electroforming pro-
cess used to deposit the layers of iridium and rhenium on a mandrel with a very precise thickness
was proxied using an electroplating process with chromium steel in ecoinvent. While both processes
use the same electrochemical principles, the production of a mandrel on which the material deposition
occurs is not included in the ecoivent process. Furthermore, the processes use different solutions for
the plating process and the effect of this modelling difference has not yet been assessed. Additionally,
no additional processes have been included to transform the iridium and rhenium source material into
conditions suitable for the electroforming process.

LCI of 98% HTP production

The last LCI that will be considered for validation is that of 98% HTP production, which also represents
the only dataset for which a completely equivalent dataset in the ESA LCA database exists. As men-
tioned in Subsection 7.4.3, the SSSD datasets for hydrazine, ASCENT and LMP-103S production were
updated with the data in the ESA LCA database, while an entirely new process was created for 98%
HTP production, based on hydrogen peroxide distillation data from the Solvay Voikaa plant [208]. The
assumptions made in that process will be validated now.

Table 8.2 compares the new and existing datasets for the production of 98% HTP. There are a few dif-
ferences in the dataset due to a difference in system boundaries: firstly, the ESA LCA dataset includes
a portion of the impact for the infrastructure of the HTP distillation plant, while this is not included in
the new process. Secondly, the new process includes the social flow of organisational time contribu-
tion. Evaluating the quantification of the environmental flows, it is positive that the new LCI definition
includes almost all of the same flows as the ESA LCA dataset. In the new dataset, the energy use is
split up in a portion provided by medium voltage electricity, and a portion of heat provided by steam.
Taken together, this amount of energy exceeds the 1.3 kW h provided by low voltage energy in the ESA
LCA dataset, which may be due to the differences between continuous and batch distillation processes
of hydrogen peroxide. Additionally, the ESA LCA dataset includes the amount of water included in the
initial 50% HTP solution as an input flow, whereas the new process considers this water to be fully
resused in the continuous distillation.

In the new dataset, it is also assumed that cooling water is provided directly from a natural source, as
is the case in the Solvay Voikaa plant [208]. A separate flow is also added to account for the production
of steam that rises up through the distillation column to remove water molecules from the HTP solution
and create a vacuum in the process. Overall, the LCI of the new dataset and the ESA LCA dataset
are quite similar, also with regards to the quantification of flows, indicating that the assumptions used
in the new process definition are sufficiently accurate.
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Table 8.2: Validation of 98% HTP production life cycle inventory with respect to ESA LCA dataset [15]

New:
Hydrogen Peroxide -
98% concentrated (1 kg)

ESA LCA DB:
Hydrogen peroxide (HTP), type 98 (1 kg) [15]

Flow Amount Flow Amount Unit
Chemical factory, organics 4.00E-10 not included 0 Item(s)
- electricity,
Electricity, low voltage 1.293 . 0.0173 kWh
medium voltage
Hydrogen peroxide, without water,
inySO‘Vc(:J solution state 1.09 same 1.09 kg
Water, cooling,
Tap water 96.1 unspecified natural 90.186 kg
origin
Water, deionised 1.09 same 0.5684 kg
Additional flows
heat, from steam 3.142 kWh
steam 3.625 kg
Org.Time
Contribution (Nat)-EU 036 work-hours

8.2.2. Validation of LCIA results

Next to critically evaluating the definition of various LCls in the performed LCSA, it is also necessary
to consider whether the resulting impacts of these process definitions are realistic. To that end, LCIA
results related to functional units of single processes included in the LCSA will be validated now. This
is arguably less difficult than the validation of LCls, as the environmental impacts of a process are
discussed more often within public literature than the exact composition of a process’ life cycle. As the
social and economic impact assessments of processes are very direct transformations of the social and
economic LCls, validating their accuracy is again more difficult. As in the validation of LCI definitions,
only a selection of important LCIA results will be considered here, meaning that the validation should
not be considered as a full or formal validation.

LCIA of iridium production

The first process considered for LCIA validation may also be the most important, as the extraction
and refining of iridium has been identified as an environmental hotspot in Subsection 7.5.1, where this
process almost entirely dominates the worse environmental performance of the ASCENT and LMP-
103S systems with respect to the hydrazine and 98% HTP propulsion systems. Its LCI was defined
based on a reallocation of the platinum extraction and refining processes in South Africa and Russia,
using the approach proposed by Nuss and Eckelman [191]. There is one major difference between
the iridium production process modelled here and that of Nuss and Eckelman: in this research, a
dataset from ecoinvent 3.8 is used for platinum production in South Africa, and an ecoinvent 3.3 dataset
for platinum production in Russia, whereas Nuss and Eckelman base their LCI definition entirely on
ecoinvent 2.2 data. While the ecoinvent 3.8 and 3.3 documentation indicate that the platinum datasets
are entirely equivalent to the datasets included in ecoinvent 2.2, this difference in proxy data leads to
discrepancies in the LCIA results, as shown in Table 8.3.

Table 8.3 shows the LCIA results for the five environmental impact categories that were assessed
in Nuss and Eckelman’s paper using the assessment methods reported. In brackets, the percentual
difference between the reference and new process data are shown. It is immediately apparent that
the new process using ecoinvent (ei) 3.3 and 3.8 data leads to a substantial increase in the estimated
environmental impact of iridium production. As an additional verification to check that the reallocation
method of Nuss and Eckelman has been implemented properly in openLCA, Table 8.3 also reports
values for a new iridium production process that was set up in openLCA using ecoinvent 2.2 data. The
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differences between the LCIA results of this process and that reported by Nuss and Eckelman are minor
and as such may be attributed to the fact that the specified impact assessment methods may not be
entirely equivalent to those included in openLCA.

As indicated already in Section 7.5, it is primarily the portion of South African platinum production in
the iridium LCI that leads to the high LCIA scores, which is the input flow using the most recent data,
having been updated in ecoinvent 3.6, released in 2019 [101]. A dedicated LCA study on the produc-
tion and usage of the platinum group metals platinum, palladium and rhodium indicates the the main
environmental impact in their life cycle is due to power consumption during mining, with South Africa’s
electricity mainly being sourced from coal-fired plants. It is therefore presumable that the increased
environmental impact of this extraction process in ecoinvent 3.6 reflects the reality of more challenging
extraction conditions, a better characterisation of South Africa’s electricity mix and a more accurate
modelling of the environmental impact of coal-based electricity generation. Comparing the Ecotoxic-
ity, freshwater impact of the South African platinum production processes included in the ecoinvent
3.3 and ecoinvent 3.6 processes, it is found that the latter leads to an order of magnitude increase in
the impact (7.74E4 versus 7.10E3 CTUe), which also has a large consequence for the overall LCSA
results, where it has been indicated that this impact category is the most important contributor to the
environmental single score impact.

Table 8.3: Validation of environmental impact assessment results for iridium production (FU=1 kg) with respect to data from
Nuss and Eckelman [191]

Imbact cateqo Assessment Unit Reference data New process New process
P 90 method (ei 2.2 data) [191] (ei 3.3/3.8 data) (ei 2.2 data)
Acidification, ReCiPe H 3.95E+03 3.48E+03
terrestrial Midpoint v1.08 *9 SO2ed 3.10E+03 (+27 %) (+12 %)
Cumulative energy 5.11E+05 1.71E+05
demand CED v1.08 MJ eq 1.69E+05 (+203 %) (+1 %)
Eutrophication, ReCiPe H 3.79E+01 2.88E+01
freshwater Midpointv1.08  ©9 P €d 2.80E+01 (+35 %) (+3 %)
Global warming IPCC 2007 3.12E+04 8.98E+03
potential (100a) kg CO2 eq 8.86E+03 (+253 %) (+1 %)
. 1.78E-01 4.26E-02
Human toxicity USETox v1.02 CTUh 5.00E-02 (+256 %) (-15 %)

As will be shown in the subsection below, a similar observation can be made for the LCIA of the new
rhenium production dataset, with it exceeding the impact scores as presented by Nuss and Eckelman
[191]. To evaluate the consequence of potentially overestimating the environmental harm related to
iridium and rhenium production with the ecoinvent 3.3/3.8 data, the entire PS LCSA can be performed
once again, replacing the iridium and rhenium datasets with those based on proxy data from ecoinvent
2.2. The main results are shown in Table 8.4, with the environmental single score presented in reference
to hydrazine, and the top 5 contributing impact categories from Subsection 7.5.1 also included in the
table. Comparing these results with the original LCIA results discussed in Subsection 7.5.1, it is firstly
important to note that the relative ranking of impact categories remains largely the same, albeit that the
Resource use, metals and minerals, reserve base impact category becomes the highest contributor to
the environmental single score by a small margin over Ecotoxicity, freshwater. The overall ranking of
the PS options in terms of environmental impact also remains the same, with ASCENT and LMP-103S
scoring decidedly higher than hydrazine, with 98% HTP’s score being much lower.

Looking into the processes contributing the most to the ASCENT and LMP-103S systems’ environmen-
tal impact, it is found that the use of iridium and rhenium in the combustion chamber are still the main
contributors, as was found in Subsection 7.5.1. As the main research question of this thesis is to deter-
mine how a monopropellant system’s life cycle sustainability depends on the choice of propellant, it is
deemed that both the results using ecoinvent 2.2 and ecoinvent 3.3/3.8 to model iridium and rhenium
production indicate the same trend: that the use of EIL propellants leads to the necessity of using re-
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fractory metals and as such a much higher environmental impact during raw material extraction. While
it is recommended that the environmental impact of iridium production is further evaluated with recent
primary data, the LCIA results presented before are considered valid.

Table 8.4: Comparative overview of environmental single score and top 5 contributing impact categories results, using
ecoinvent 2.2 data in iridium and rhenium life cycle inventories. Bold indicates the highest score for each impact category.

Impact category Unit Hydrazine ASCENT LMP-103S 98% HTP

Single score,
environmental

% 100.00 207.41 23217 38.55

Ecotoxicity,

CTUe 1.76E+05 2.41E+05 2.95E+05 4.27E+04
freshwater

Resource use,
metals and minerals, kg Sb eq 3.73E-02  4.06E-01 4.10E-01 3.42E-02
ultimate reserve

Acidification mol H+eq  5.92E+01 2.56E+02 2.62E+02 2.67E+01
Eutrophication, kgPeq  2.00E+00 6.55E+00 6.87E+00 9.80E-01
freshwater

Climate change kgCO2eq 4.06E+03 291E+03 4.12E+03 1.87E+03

LCIA of rhenium production

Similar to the life cycle inventory of iridium production, the environmental characterisation of rhenium
production was fully based on a reallocation of the impact of an existing ecoinvent dataset, following
the findings of Nuss and Eckelman [191]. In the case of rhenium, the molybdenum production dataset
was used, as rhenium is primarily produced as a coproduct of this process. A comparison between
the LCIA results of the reference article and the new process with ecoinvent 3.8 data or ecoinvent 2.2
data is shown in Table 8.5. For the process implemented in openLCA with both the more recent and
older ecoinvent data, the LCIA results diverge from the reference results. Looking into the ecoinvent
documentation, it is notable to add that the molybdenum production LCI has not been updated since
ecoinvent version 2, with subsequent ecoinvent versions only including more accurate and recent esti-
mates related to the electricity mix or other background data [101].

Table 8.5: Validation of environmental impact assessment results for rhenium production (FU=1 kg) with respect to data from
Nuss and Eckelman [191]

Impact category Assessment Unit Refe_:rence data Neyv process Neyv process

method (ei 2.2 data) (ei 3.8 data) (ei 2.2 data)
s, ROl Sz iwee Lo 2ZEd
I
roswoter | Mapomtvios  MoPea  dsomsor RO SRRl
S £ e T e s v
Human toxicity USETox v1.02 CTuUh 5.90E-2 1 (%ZE(,-/? )2 4(_2287E;/? )2

The large discrepancies with respect to the reference data might be due to an incorrect implementation
of the impact reallocation or due to the fact that some of the impact assessment methods used by Nuss
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and Eckelman have been replaced by more recent versions in openLCA (e.g. the ReCiPe and CED
impact assessment methods). It is difficult to compare the LCIA results for rhenium or molybdenum
production with other literature besides the data included in ecoinvent, as the availability of LCA studies
on this production process is rather limited [214], [215]. The overall impact of implementing a rhenium
extraction dataset based on ecoinvent 2.2 data instead of ecoinvent 3.8 data in the PS LCSA has
already been evaluated in Table 8.4. As this change does not dramatically alter the overall conclusions
of the research, it is deemed that the environmental impact of rhenium production is accurate enough
for the purposes of the LCIA performed in Section 7.5.

LCIA of clean room fuelling

Clean room fuelling is another process with a noticeable influence on the overall LCSA results. The
process that was used in this LCSA was already included in the SSSD and is in line with the ESA
LCA dataset, which has been set up using primary data from the Kourou Launch site [15]. As such,
the environmental LCI and LCIA of this process are deemed to be valid. Secondly, this research used
the assumption that novel monopropellant fuelling is performed using the same general materials and
procedure as hydrazine fuelling, but over a shorter period of time due to the reduced safety precautions.
This same assumption is used in the ESA LCA database, such that it is considered valid and justified.

While the creation and disposal of waste in the hydrazine fuelling process have not been directly dis-
cussed in the LCI definition in Section 7.4, Anflo and Crowe describe that the fuelling of LMP-103S
also presents a major reduction of resources in this regard [26]. For the PRISMA launch campaign,
where the spacecraft was fuelled with 11 kg of hydrazine and 5.6 kg of LMP-103S, hydrazine fuelling
resulted in 29 L of hydrazine, 400 L of contaminated deionised water and 70 L of iso-propanol alcohol
to be disposed of. In contrast, the LMP-103S loading only resulted in 1 L of waste propellant and 3
L of a contaminated mix of deionised water and IPA to be disposed of. Per kg of propellant, this con-
stitutes a resource reduction of around 93% for the wasted propellant, and 99% for the contaminated
IPA and water. The fact that these resources are included in the clean room fuelling process that is
scaled based on the number of hours required, and that the novel monopropellant fuelling procedures
are assumed to require 28% of the time required for hydrazine fuelling, is deemed to be justified and
rather conservative.

While clean room fuelling has a very important impact on the system’s life cycle social and economic
sustainability, there is little information available to validate the scores estimated in Subsection 7.5.2
and Subsection 7.5.3. This is also apparent in the limited accuracy of these estimates themselves,
mostly being based on two sources in literature comparing hydrazine fuelling and LMP-103S fuelling
[61], [197]. It is important to note that one of these two sources, namely the conference paper by
Dinardi and Persson [197] was written with the goal of promoting LMP-103S as a high-performance
alternative to hydrazine. As such, the reported life cycle cost savings may be somewhat overestimated.
Additionally, Lange et al. indicate that the hydrazine fuelling campaign for the PRISMA mission was
somewhat lengthy, with some Myriade propulsion system loading campaigns requiring less time in
the clean room [216]. Considering the sensitivity of the economic and social sustainability scores on
the estimated time of clean room fuelling, it is clear that this element of the research requires further
validation.

LCIA of 98% HTP production

As mentioned before, the new process created to model the production of 98% HTP presents the
only opportunity to perform a true validation of the environmental LCIA results with respect to the ESA
LCA database’s estimate. As already presented in Subsection 8.2.1, the process definition of this new
process differs only slightly from the ESA LCA database dataset, such that it is expected that the LCIA
results will also be quite similar. A comparison of the results for all impact categories included in the
ESA LCIA - EF 3.0 method, which is equivalent to the SSSD environmental LCIA method, is shown in
Table 8.6. The comparison shows that the results are somewhat similar (within 50 %) for about half of
the impact categories, while the other half shows much larger discrepancies.

The factors contributing to the differences in the results are various, as indicated by the lack of a



8.3. LCSA data quality 135

uniform trend in the discrepancies, with some impact scores being over- and others underestimated
in the results of the new process. A first factor contributing to the differences is the difference in life
cycle inventories: the added flows of heat from steam, and steam itself contribute significantly to the
impact categories of Ecotoxicity, freshwater and Ozone depletion, resulting in the greater impact of
the new process there. Furthermore, the allocation method for upstream ecoinvent flows in the ESA
LCA database follows a cut-off approach, whereas the SSSD uses ecoinvent processes allocated at
point of substitution (APOS), also resulting in significant LCIA differences. For the impact category of
Water use, where the ESA LCA dataset estimates a net production of water, it is presumed that the
ESA LCA database contains a mistake in the characterisation, or that the impact assessment of the
98% HTP production with a cut-off allocation approach leads to a result that is not reflective of the
physical realities of the process. Considering the small impact that 98% HTP production has for the
overall LCSA results, it is not likely that increasing the validity of this dataset would greatly impact the
conclusions of this research.

Table 8.6: Validation of environmental impact assessment results for 98% HTP production (FU=1 kg) with respect to data from

ESA LCA database [15]

Impact category Unit Reference data New process Difference
(ESA LCA DB) [%]
Acidification mol H+ eq 7.96E-03 1.19E-02 +49
Air acidification kg SO2 eq 6.71E-03 9.75E-03 +45
Climate change kg CO2 eq 1.83E+00 3.18E+00 +73
Ecotoxicity, freshwater CTUe 5.60E+00 2.55E+01 + 354
Ecotoxicity, marine kg 1,4-DB eq 1.42E+04 2.30E+04 + 62
Eutrophication, freshwater kg P eq 9.11E-04 6.59E-04 -28
Eutrophication, marine kg N eq 1.42E-03 1.63E-03 +15
Eutrophication, terrestrial mol N eq 1.29E-02 1.60E-02 +24
Human toxicity, cancer CTUh 1.56E-09 3.37E-09 + 116
Human toxicity, non-cancer CTUh 3.41E-08 2.04E-08 -40
lonising radiation kBq U-235 eq 5.07E-01 2.85E-01 -44
Land use Pt 6.39E+00 1.84E+00 -71
Ozone depletion kg CFC11 eq 6.57E-08 4.55E-07 + 593
Particulate matter disease inc. 5.52E-08 8.50E-08 + 54
Photochemical ozone formation kg NMVOC eq 5.43E-03 5.90E-03 +9
Resource use, fossils MJ 3.34E+01 5.01E+01 +50
rReesZ?'\L/JerzCsaiZe’ minerals and metals, kg Sb eq 7.28E-05 6.74E-05 -7
Eﬁf}:’aﬂg’fe‘;sei’/?i”erals and metals,  op oq 2 40E-05 6.49E-06 73
Total cumulative energy demand MJ 3.99E+01 5.64E+01 +41
Water use m? depriv. -1.73E-01 3.71E+00 - 2249

8.3. LCSA data quality

The importance of assessing the quality of the data used in this research has already been highlighted
at different points throughout this report and will be discussed once again, in a more comprehensive
manner, in this section. As the final outcome of an LCSA, in terms of the impact scores resulting from the
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LCIA, is very closely linked to the definition of the analysed system’s LCI, the reliability and quality of this
definition is always highly important. In the specific case of space LCA and LCSAs, there is an additional
difficulty posed within this step of the research, due to the fact that most specific system information
is somewhat confidential [98]. To overcome this scarcity of public information, it is recommended to
use as much primary data as possible, developing LClIs using data from companies. This is also the
approach followed in the construction of the ESA LCA database [15]. In this research, primary data
collection was pursued where possible, by contacting company employees by email whenever specific
product or process information could not be found in literature. This was especially necessary in the
quantification of economic and social flows.

Sourcing information directly from commercial actors also holds uncertainties however, as companies
have an interest in minimising the estimated environmental, economic or social impact of their practices.
This concern also holds for the results presented in conference publications, where findings are not
peer-reviewed and therefore may be embellished. In the case of this research specifically, this may be
most problematic with respect to the estimation of the fuelling process for hydrazine and LMP-103S,
where two out three sources used in the approximation are conference papers from ECAPS employees
[26], [197]. Still, the possible cost reduction in novel monopropellant fuelling has also been indicated
in other publications, albeit qualitatively [10], [13], [61].

Another source of uncertainty within the LCI definition in this research is related to the fact that some
materials or processes contained within multiple PS component LCls were not yet included in the SSSD
and were not modelled with new upstream processes due to the limited research scope. In that case,
consistent proxies were used to model the actual products or processes as accurately as possible. In
the LCI of all thrusters, inconel alloy production was proxied by the iron-nickel-chromium alloy dataset
included in ecoinvent 3.8, while inconel milling was proxied by chromium steel removed by milling.
Secondly, the brazing included in the production or assembly of various components was modelled
with the welding, arc, steel dataset from ecoinvent 3.8. Other proxy processes have been indicated in
the various LCI definition tables in Section 7.4 and Appendix B. Next to this, some ecoinvent processes
are themselves proxies based on other processes for which primary data was available.

One way of quantifying the overall data quality of a created LCI definition is to fill in the data quality
pedigree matrix as shown in Figure 4.5. In this research, the ESA data quality matrix was used, which
assesses the data quality based on six criteria (Technological (TeR), Geographical (GR) and Temporal
representativeness (TiR), Completeness (C), Precision/uncertainty (P), and Methodological appropri-
ateness and consistency (M)), each with a highest possible score of 5. The profile of a dataset in the
data quality matrix is thus able to give an intuitive understanding of how accurate the LCI definition
is in approximating the actual process. In a recent publication, Wilson et al. have also proposed a
method of combining these six criteria scores into a single score, being the data quality rating (DQR),
as calculated in Equation 8.1, where each of the data quality criteria scores are added with the abbre-
viations stated above, with X, being the weakest (highest) data quality score, and I being the number
of data quality indicators used, 6 in this case [217]. The single DQR allows for an assessment of an
LCI's overall data quality, with the authors of the paper indicating that any score below 1.6 represents
high quality data, with scores between 1.6 and 3 exhibiting basic quality, and scores between 3 and 4
representing a data estimate.

_TeR+GR+TiR+C+P+M+4-X,

DQR
@ I+6

(8.1)

An overview of the data quality assessment for each of the new upstream and component-level core pro-
cesses is given in Table 8.7. The table shows that none of the modelled processes can be considered
to be high quality, which is somewhat unsurprising given the general reliance on public secondary data
in the definition of the LCls. What is more disconcerting regarding the overall reliability of the results is
the low data quality for the aluminal/iridium catalyst, the flow control valve and the rhenium/iridium alloy
combustion chamber, as these three production processes are all key contributors to the PS designs’
overall sustainability impact. For each of these processes, the poor data quality is mostly related to the
fact that outdated documents had to be used in the LCI definition. If more recent data were available,
data quality would noticeably increase. For the production process of the Re/Ir combustion chamber,
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an additional factor reducing the data quality is the fact that the exact production process is not precisely
known, such that the scores for Completeness and Precision are themselves uncertain and therefore
conservatively assumed. While the assumed values of rhenium and iridium usage in this process are
deemed to be justified estimates, increasing the accuracy of this important LCI definition should be a
point of focus in further research.

Table 8.7: Data quality assessment for new upstream and core processes. TeR=Technological representativeness,
GR=Geographical representativeness, TiR=Temporal representativeness, C=Completeness, P=Precision/uncertainty,
M=Methodological appropriateness and consistency, DQR=Data quality rating as calculated following [217].

Process TeR GR TiR C P M DQR
Iridium 1 1 3 1 2 11175
Rhenium 1 1 3 1 2 11175
Alumina/iridium 1 1 5 3 4 4| 317

granular catalyst
Alumina/platinum

2 2 1 2 4 4| 2.58
granular catalyst

Catalyst bed heater 1 1 1 3 2 3| 192
Diaphragm propellant

tank - Al4254 4 1 1 2 3 2| 242
Diaphragm propellant

tank -Ti-BAI4V 2 1 1 23 21192
Fill/ drain valve 1 1 3 3 3 3| 217
Flow control valve 2 1 5 5 4 3| 333
Seamless tubing 1 1 1 3 3 4| 242
Thruster combustion 5 3 o 3 4 4| 283

chamber - inconel
Thruster combustion

chamber - Re/ Ir alloy 2 4 4 5 4| 3.58

The data quality assessments for the dry and wet propulsion systems are shown in Table 8.8. Note
that the data quality scores here only concern the definition of the assembly and fuelling processes,
and do not consider the data quality of the flows used in each LCI definition. The manner by which
upstream data quality ratings are included in the data quality of a process of interest is an area in space
LCA research that is still under investigation, therefore not included in this research [218]. As these
LCI definitions could be based on rather accurate estimates from literature, each of the processes has
a basic quality. The data quality for other propellant specific processes, concerning propellant and
thruster production are shown in Appendix E.
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Table 8.8: Data quality assessment for propulsion system production processes. TeR=Technological representativeness,
GR=Geographical representativeness, TiR=Temporal representativeness, C=Completeness, P=Precision/uncertainty,
M=Methodological appropriateness and consistency, DQR=Data quality rating as calculated following [217].

Process TeR GR TiIR C P M DQR

Hydrazine

propulsion system
Loaded hydrazine
propulsion system

ASCENT

propulsion system
Loaded ASCENT
propulsion system

LMP-103S

propulsion system
Loaded LMP-103S
propulsion system

98% HTP

propulsion system
Loaded 98% HTP
propulsion system

1 1 2 2 3 3] 200

1 1 3 1 3 3| 200

1 1 3 2 3 3| 208

1 1 3 1 4 3| 242

1 2 2 3 3] 200

N
N
N
RN
w
w

1.92

3 1 3 2 4 3| 267

1 3 1 3 3] 200

Overall, it may be concluded that the LCI definition in this research has mostly achieved a basic qual-
ity, with some key processes, such as the production of the Re/Ir combustion chamber, only being
modelled with a basic estimate. The main reason for this poor data quality is the lack of accurate and
recent data on the commercial and patented production processes. In future research, this could be
solved by performing LCAs in collaboration with the companies involved in these production processes.
This would also aid in avoiding the usage of inaccurate data that is publicly available. With a basic data
quality, it may be assumed that the conclusions drawn in this research are legitimate.

8.4. Methodological limitations

Even if the conclusions drawn in this research are sufficiently accurate, it is important to understand
what these conclusions exactly implicate on a broader and more practical level. This is especially
necessary due to the nature of LCSAs, wherein the multi-criteria LCIA may make the final results
difficult to interpret. In the discussion presented in Section 7.5, an effort has been made to relate each
of the LCSA results to the physical components and processes which lie at the cause of these outcomes.
However, it is equally crucial to indicate what cannot be concluded based on the results. This section
will present a number of methodological features of this research that simplify or otherwise limit the
significance of the overall conclusions.

Firstly, by limiting the LCSA to the propulsion system, the changes in other subsystems due to the
use of a different propellant are not considered. There are various subsystems of which the design
depends on the propulsion subsystem. A first example is the power subsystem, which may have to be
sized differently as the novel monopropellants considered in this study generally require more catalyst
bed preheating for proper thruster operation than hydrazine. Secondly, the spacecraft structure may
be designed for a lower spacecraft mass in the case of the EIL monopropellants, as the propellant load
and tank mass will be lower compared to the hydrazine option. Lastly, the different thermal constraints
of the various propellants could lead to differences in the thermal subsystem. Each of these changes
might result in significant discrepancies in the sustainability impact of the spacecraft taken as a whole.
It is thus vital to keep in mind that the sustainability of each of the propellant options at the level of the
propulsion subsystem may not reflect the sustainability at the level of the entire spacecraft.

A second limitation of this research, more at the level of implementation than pure methodology, is
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that the potential reductions in material usage and production cost due to the fact that the propulsion
systems are manufactured for a spacecraft constellation have not been accounted for. Additionally,
the existence of previous propulsion system designs similar to the use case investigated here has not
been given any importance with respect to cost or required labour hours in production. Instead, it
was assumed that the propulsion systems for each of the propellant options would be manufactured
in a more or less identical manner, using fully developed and flight-proven hardware. While neglecting
the impact of the spacecraft constellation most likely does not change the comparison between the
different propellant options, the latter assumption is significant, as it may take away some sustainability
advantages of well-established technologies and production lines.

The choice to consider a single use case means that the conclusions found here may not be valid for
other monopropellant use cases. For example, in use cases where fuelling cost takes up a smaller por-
tion of the propulsion system’s life cycle cost, it may be that using hydrazine is not the most expensive
option. Furthermore, the use of a different propulsion system size or architecture may also lead to a
different identification of hotspots in each of the sustainability dimensions.

Beyond evaluating how the chosen LCSA methodology has been implemented, the limitations of this
methodology itself must also be evaluated. Due to the necessity of using quantitative impact categories,
other facets influencing the sustainability or overall suitability of using a certain propellant over another
option are not reflected in this comparison. A first element herein is the increasing importance of
strategic autonomy in the European context [219]. With this concept, the European Union wishes to
reduce its reliance on other countries, either allies or rivals, in critical areas, such as the defence and
space industries. As such, the usage of hydrazine, which is now sourced from China [15], may become
untenable in the future, not due to environmental or economic reasons, but due to political motivations.
Additionally, European institutions such as ESA may want to strengthen the European space industry
and therefore prefer a European novel monopropellant such as LMP-103S over an American alternative
such as ASCENT. Additionally, the European Commission has made it a policy priority to gain a greater
autonomy in the supply chain of a list of critical raw materials that are expected to play an important
role in the transition to a more renewable and sustainable economy [220]. The platinum group metals
included in the PS designs in this research (iridium, platinum) and titanium are included in this list. The
worldwide supply of each of these metals is dominated by a select number of countries, with 92% of
the iridium supply and 71% of the platinum supply being South African and 45% of titanium supply
coming from China. Being overly reliant on single suppliers for critical materials or components makes
any company developing propulsion systems more vulnerable to geopolitical or other global instabilities.
As such, itis a very important facet to be taken into account in the move away from hydrazine propulsion
systems, which has not been included in this research.

Another key limitation connected to the chosen LCSA framework is related to the evaluation of social
sustainability. Because of the scarcity of appropriate data and impact assessment methods, social
sustainability was assessed at a national level, as such not being closely connected to the specificities
of the activities included in the LCls themselves. This might be most problematic for the social sustain-
ability impact of hydrazine fuelling, where workers face serious health risks. Furthermore, while the
LCSA framework does allow for it, this research did not consider the social sustainability of upstream
processes, related to raw material extraction, waste treatment, electricity production or other auxiliary
activities. This is expected to be a significant omission, as the social impact related to the dangerous
and straining working conditions in these processes, or to the disruption within communities living near
sites of raw material extraction can be a serious cause of concern. Assessing these nuanced and
complex impacts may not be very feasible within an LCA framework, where impact quantification is
required.

8.5. Design recommendations

The final step in the interpretation of the LCSA results of each PS design is to translate the findings into
concrete recommendations to improve the sustainability of monopropellant propulsion systems in the
future. When considering environmental sustainability, this translation serves the purposes of ecode-
sign. This section will investigate which measures would be most effective in improving the systems’
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overall sustainability. Due to the multitude of environmental impact categories and the specificity by
which the environmental flows could be defined, most of the design recommendations mentioned here
are meant to reduce the environmental impact of the PS designs.

The clearest environmental hotspot is related to the use of refractory metals in the combustion cham-
bers of the EIL thrusters. By reducing the amount used or by replacing these metals, especially iridium,
by other elements with lower environmental footprints, the life cycle environmental impact of the AS-
CENT and LMP-103S systems could be reduced. To make this material replacement more feasible, the
EIL monopropellants’ combustion chamber temperature could be lowered, for example by increasing
the percentage of water in the propellant compositions. While this might decrease the performance
improvement w.r.t. hydrazine facilitated by these novel monopropellants, the LCSA results have cer-
tainly shown that the reduced propellant load and tank mass do not compensate for the increased
environmental impact of the required use of iridium and rhenium.

For the hydrazine PS design, the environmental impact is mostly driven by the production of iridium
used in the thruster catalyst bed, the production and fuelling of the propellant, and the production of
the titanium propellant tank. As such, the main recommendations in this regard are to find a different
catalytic material than iridium, and to somehow reduce the toxicity of the propellant. Once again, an
option could be to dilute the propellant somewhat, reducing the severity of exposure to hydrazine,
which would result in a reduction of I,,, however. As propellant fuelling is also a dominant factor in the
economic and social sustainability of the hydrazine system, it is understandable that the development
of novel monopropellants has targeted this aspect of hydrazine use as being the most problematic. The
98% HTP PS has a relatively low environmental impact, and if further improvements would be desired,
this could be achieved by finding less environmentally straining materials than platinum in the catalyst
and by improving the performance of the propellant, reducing the propellant tank size, potentially by
blending a fuel into the monopropellant.

While it may seem more difficult to achieve from the perspective of a space propulsion engineer, the
systems’ environmental sustainability could also be improved by ensuring that environmentally straining
materials such as iridium, rhenium or titanium are sourced from suppliers with a reduced environmental
footprint, for example by proving that the production is performed using fully renewable energy sources.
In the case of platinum or iridium, the fact that South African mines provide the very large majority of
the supply may make this goal difficult to achieve. Instead, one could also aim to source as many
metals as possible from recycled sources, for example from recycled automotive catalysts in the case
of platinum.

Regarding the economic sustainability of the systems, the key activity which may facilitate cost reduc-
tions is the fuelling process. As hydrazine may be used less in the near future, it would be interesting
to reconsider the overall chronology and requirements in the fuelling process, to fully make use of the
reduced toxicity of the novel monopropellants. By potentially combining fuelling with other clean room
activities, or by shipping propellant tanks pre-fuelled, further cost reductions could be achieved. Addi-
tionally, the cost of EIL thrusters is also an area where costs would preferably be reduced. If production
volumes increase, the benefits of series production could enable cost reductions. Additionally, if less
exotic metals were used in the combustion chamber, the production process could also be completed
using more conventional production processes.

Lastly, it is also recommended to reduce the use of platinum group metals from the perspective of social
sustainability, as PGM mining in South Africa has been identified in the past as an industry with poor
safety standards for workers, which also causes significant hindrance and harm to the social fabric of
surrounding communities [221]. While these concerns have not been addressed in the social impact
assessment of this research, they have been highlighted and investigated in previous research. Clean
room fuelling is also a driver of the social impact for each of the PS options, such that reducing the
required fuelling time would lead to significant improvements. More specifically, it is also recommended
to improve the working conditions during clean room fuelling, potentially making use of automation or
remote control, as to reduce the human exposure to toxic propellants as much as possible. Regarding
general working conditions, it is advised to perform as much work as possible in the EU, where the
social conditions are better than in the USA or other foreign territories, as informed by the evaluation
of the SSSD’s social criteria.
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8.6. Conclusion

This chapter has aimed to evaluate the reliability and validity of the LCSA results presented in Chapter 7,
to further interpret the results and to indicate where further work may be required. Firstly, the LCI anal-
ysis and LCIA results for key processes within the propulsion system life cycles have been validated,
with comparable data wherever possible. This validation effort has shown that the accuracy of LCIA
results for the important processes of iridium and rhenium production may be somewhat questionable,
with the judgement of overall validity also being difficult due to the scarcity of recent and adequate data.
However, it is not expected that the inaccuracies contained within this research have the potential to
entirely overturn the conclusions of the comparative LCSA.

An assessment of the data quality of the LClIs of newly created processes is also in line with this judge-
ment, where key processes unfortunately feature the poorest data quality, due to the fact that these
processes are also the most specific to the case study considered in this research. Despite these inac-
curacies, the overall conclusions are still deemed to be valid, as the presumed drivers behind the poor
environmental performance of the ASCENT and LMP-103S designs are confirmed in other literature
as being polluting processes [191], [209], [214], [221], and the dominant processes in economic and
social sustainability also being identified in novel monopropellant literature as areas of concern [7], [9].

Still, the conclusions of this research only reach as far as the chosen methodology allows for, which is
why it is important to be conscious of these limitations. The mostimportant limitations in this respect are
that the scope of the LCSA is constrained to the propulsion system, thereby neglecting any follow-on
changes in the overall spacecraft sustainability, and that the social impact of the PS life cycles is only as-
sessed at the national level of core processes, neglecting the potentially significant social harm caused
in upstream processes. The latter limitation is especially relevant regarding the extraction of PGMs in
South Africa, where worker conditions and relations towards local communities are problematic [221].

Translating the LCSA findings into design cues to improve the sustainability of future propulsion systems
is done by identifying the hotspots in each of the sustainability dimensions and then proposing potential
alternatives with a lower impact. It should be stressed however that no LCIA has been performed
to verify whether these design recommendations would actually lead to improvements in the different
dimensions of sustainability. The first area to target would be the usage of rare metals in the catalysts of
all PS designs and in the combustion chambers of the EIL systems. By reducing the use of these metals,
or by replacing them with alternative materials, the environmental impact of all, and the economic and
social impact of the EIL systems could be improved. To make this replacement more feasible, it is
proposed that the combustion chamber temperature of the considered EIL monopropellants could be
lowered, at the cost of reducing the propellants’ performance. Wherever the use of these rare metals
is unavoidable, the elements should be sourced from suppliers that are undertaking action to reduce
the environmental and social harm of their extractive processes.

Clean room fuelling is another process that could be adapted to result in a lower impact in all three
sustainability dimensions. For the novel monopropellants, it is recommended to consider how the
safety improvements can be leveraged to integrate fuelling better within the overall spacecraft assembly
process. For hydrazine, reducing the exposure of humans to the toxicity of the propellant, potentially by
increasing the usage of automated systems, may lead to cost and social impact reductions. As stated
before, this should be verified by future LCSA studies.



Conclusion and recommendations

In the field of monopropellant research, there is an ongoing effort to find replacements for hydrazine,
which is a simple and effective, yet highly toxic, monopropellant that has been widely used for in-space
propulsion since the 1960s. The usage of hydrazine requires very strict procedures during fuelling
leading to high on-ground operational costs. As such, the propellants identified to replace hydrazine,
termed novel monopropellants, should lead to a reduction in handling costs while not compromising on
hydrazine’s robust performance. Simultaneously however, this research trend also targets the environ-
mental sustainability of hydrazine propulsion systems, envisioning novel monopropellants with reduced
harm to humans and ecosystems. This has led to a diffuse definition of "green” monopropellants, where
the actual environmental impact of these systems has not yet been investigated.

This thesis therefore identified that the growing application of life cycle assessment (LCA) methodolo-
gies within the space industry could be used to develop a more thorough comparison of the life cycle
sustainability of monopropellant systems. The main research objective was therefore:

To gain a better understanding of the three-pillar, system-level sustainability of novel and conventional
monopropellant systems, using the analytical tools afforded by life cycle assessment methodologies.

As the social and economic dimensions of sustainability are also relevant in the context of monopropel-
lants, illustrated by the issues identified with hydrazine fuelling, the life cycle sustainability assessment
(LCSA) framework previously developed with the Strathclyde Space Systems Database (SSSD) was
used in this research. This LCSA framework, constructed specifically for LCSA research of space sys-
tems, entails an assessment of environmental, social and economic criteria, facilitating an adequate
answer to the following main research question:

How does the choice of propellant impact the environmental, social and economic life cycle sustainabil-
ity of a representative monopropellant system?

Comparing a variety of use cases for monopropellant systems, it was decided that the comparative
LCSA would be most feasible and valuable for the case study of the main propulsion system for an
Earth Observation (EO) minisatellite with a dry mass of maximally 150 kg, to be used in a Low Earth
Orbit (LEO) satellite constellation. This answered subquestion SQ-1.1, which is listed along with all
other subquestions of the research in Table 9.1. Following a conceptual definition of this use case, pre-
liminary propulsion system requirements were set up to inform the propulsion system design process,
addressing SQ-1.2. The requirements also guided the definition of the trade-off criteria used to select
hydrazine, ASCENT, LMP-103S and 98% HTP as the four monopropellants which were included in the
comparative LCSA, which answers SQ-1.3.
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Table 9.1: Overview of research subquestions

Label Question Answered in
SQ-1.1 For_ which use case of _monopropellant systems is a better understanding Section 5.2
of life cycle sustainability most valuable?
SQ-1.2 What are the propulsion system requirements for the use case found in SQ-1.1? Section 6.2
SQ-1.3  Which novel monopropellants are best suited for the use case found in SQ-1.17? Section 6.3
SQ-1.4 Which sustainability issues are currently considered to be the most problematic Section 5.2,
" for the use case found in SQ-1.1? Section 2.2
SQ-15 What is the design of a propulsion subsystem fulfilling each of the system Section 6.4
"~ requirements found in SQ-1.2, for each of the monopropellants selected in SQ-1.3? '
SQ-2.1 Whlch mqn_oprgpellapt system scores the best in each of the Section 7.5
sustainability dimensions?
SQ-2.2 Which monopropellant system is the most sustainable overall? Section 7.5
Which impact categories feature the largest and smallest .
SQ-2.3 differences between the different monopropellant systems? Section 7.5
Which life cycle phases feature the largest and smallest .
SQ-24 differences between the different monopropellant systems? Section 7.5
Which components in the monopropellant systems have .
SQ-3.1 the largest impact in each of the sustainability dimensions? Section 7.5
. Which components in the monopropellant systems drive .
SQ-3.2 the differences between the sustainability scores of each of the options? Section 7.5
Which activities and processes in the life cycle of the monopropellant systems .
5Q-3.3 have the largest impact in each of the sustainability dimensions? Section 7.5
SQ-3.4 Which activities and processes in the life cycle of the monopropellant systems Section 7.5

drive the differences between the sustainability scores of each of the options?

Following a propulsion system sizing and component selection, answering SQ-1.5, the life cycle in-
ventory (LCI) for each propulsion system was developed and implemented in openLCA, which is the
LCA software used to navigate the SSSD and apply the SSSD Sustainability life cycle impact assess-
ment (LCIA) methodology, quantifying the impact of each propulsion system for 23 impact categories,
including single score assessments for the social and economic impacts. Analysing the results of the
LCIA, it is found that the 98% HTP system has the lowest impact across environmental, economic and
social sustainability, whereas the LMP-103S system results in the highest environmental score, closely
followed by the ASCENT system, and the highest social score, closely followed by the hydrazine sys-
tem. Regarding economic sustainability, it was found that the fuelling cost of the propulsion systems
had a dominating impact, such that the hydrazine system, which features the lengthiest fuelling pro-
cedure, has the highest life cycle cost. Furthermore, by normalising and weighting the environmental,
economic and social impact scores, it was determined that the economic impact of each of the systems
very largely outweighed the environmental and social impact, with the result that the hydrazine system
could be considered as the least sustainable. However, this method of determining “overall” sustain-
ability is somewhat subjective, such that it may be more meaningful to consider the three sustainability
dimensions separately and conclude that the LMP-103S system performs the worst overall. These
findings provide conclusive answers for SQ-2.1 and SQ-2.2.

Looking into the impact categories driving the differences between the propulsion system options in
SQ-2.3, it was found that the environmental impact categories featured the largest spread in results,
with the ASCENT and LMP-103S systems scoring about four times worse overall than the hydrazine
system. The impact categories related to Ecotoxicity, freshwater, Resource use, metals and minerals
and Acidification contribute the most to a normalised and weighted environmental single score and also
feature the largest variation between the four options, with the ASCENT and LMP-103S scores always
greatly exceeding those of the hydrazine and 98% HTP options. The propulsion systems have the
lowest relative differences in their environmental impact on Water use, Ozone depletion and lonising
radiation, and also feature relatively small differences in the economic and social single scores.
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The life cycle phase with the largest difference in environmental results is decidedly that of raw mate-
rial extraction, where the extraction and refining of iridium and rhenium, two rare metals used in the
combustion chamber wall of the ASCENT and LMP-103S thrusters, has a dominantimpact. Next to SQ-
2.4, this also answers SQ-3.2 and SQ-3.4, where the main driver for the worse environmental scores
of ASCENT and LMP-103S are related to their use of iridium and rhenium. In the economic impact of
the various systems, the largest difference is found in the pre-launch fuelling phase, where hydrazine
fuelling is substantially more expensive than novel monopropellant fuelling. The fuelling cost is also
the main driver of the system life cycle cost for each monopropellant option. In the social dimension of
sustainability, the largest differences are found in the production phase, where the production of rheni-
um/iridium combustion chambers for the ASCENT and LMP-103S thrusters leads to some discrepancy
between the different options. The social impact for each propellant option is quite similar however,
being dominated by the labour impact of the dry propulsion system assembly.

A detailed answer to the subquestions from SQ-3.1 to SQ-3.4 can be found in the various tables in
Section 7.5. In brief, it is clear that the thruster combustion chambers of the ASCENT and LMP-103S
systems lead both to the high environmental impact of these options and to the difference in impact
with respect to the hydrazine and 98% HTP options. The extraction of rhenium and iridium are almost
entirely responsible for this dependence. In the economic assessment, propellant fuelling dominates
the impact of all four systems, as such not being entirely related to a single component. While this
activity leads to a difference in cost between the hydrazine and novel monopropellant systems, the
fuelling cost of novel monopropellants was assumed to be the same. The difference among novel
monopropellant system costs is thus found in the different cost of thrusters, with those in the ASCENT
and LMP-103S systems being more expensive than those in the 98% HTP system. Lastly, in the social
realm, the labour-intensive propulsion assembly process accounts for about 30% of each system’s
impact. Next to this, it is found that the most expensive thruster components, being the combustion
chamber and flow control valve, where the propellant choice also leads to design differences, cause
the slightly different social scores. This may be in part due to the simplifying assumption relating social
to economic data, which was made out of necessity due to the limited social data available. As the
social assessment was only performed for core processes, the differences in social scores are entirely
related to production and testing activities.

Overall, this research has indicated that a comparison of monopropellant system sustainability is much
more multifaceted than a focus on propellant toxicity and handling cost would indicate. The use of
iridium and rhenium within ASCENT and LMP-103S thrusters has been indicated as a environmental
and social sustainability hotspot, leading to the recommendation of replacing these metals or finding
less environmentally harmful processes for their production. Clean room fuelling has been confirmed
to be a dominant factor in the life cycle cost of minisatellite propulsion systems, whereas the production
of high-temperature resistant thrusters results in the ASCENT and LMP-103S systems having a higher
cost than the 98% HTP system. Another conclusion of this research is that there are few environmental,
economic or social hotspots identified within the life cycle of the 98% HTP propulsion system, indicating
that this could be considered as the most sustainable monopropellant technology in the future, with the
crucial prerequisite that flight-ready hardware is developed and sufficiently qualified.

Recommendations for future research

While this research has led to several new insights allowing for a more advanced understanding of
the sustainability of novel monopropellant systems, there are also various findings demanding further
research. First and foremost, the environmental impact of the production of the rhenium/iridium alloy
combustion chamber used in the ASCENT and LMP-103S thrusters should be further validated. As
this production process is responsible for the large differences between the environmental impact of the
EIL systems and of the other two monopropellant systems, the method used in this research to model
iridium and rhenium extraction should be further detailed, using primary and recent data. Additionally,
the life cycle definition of the thruster catalysts should be further detailed, considering that the current
LCl is almost entirely limited to raw material extraction and transport.

Improving the data quality of the LCls contained in this research is a general recommendation, given
that the scope of this research did not allow for extensive primary data collection. As the processes
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and materials used in the space industry are often quite specific, defining inventories with data from
public sources or using proxies within existing LCA databases are both often inaccurate. By conducting
more LCA and LCSA studies on novel monopropellant systems in collaboration with larger institutions
such as ESA, that have industrial partners, the accuracy of the LCI definitions could be improved. This
especially holds for the social and economic flows included in the new LCI definitions.

Considering the very large dependence of the economic impact on the clean room fuelling cost, this
estimate should be further validated as well, as it has only been based on a very rough approximation
in this research. A more thorough overview of the makeup of the economic and social impact of this
process would also allow for a more precise quantification of the novel monopropellants’ advantages
in this regard. Again, due to the specificity and confidentiality of this process, a greater level of detalil
may only be feasible through research supported by industrial partners.

Even if the accuracy of the LCI definitions may be greatly increased in future research, there will always
be a level of uncertainty included in the LCI analysis, or later on in the LCIA phase. This may be due
to the fact that datasets approximate the reality of activities only to a certain extent, for example giving
an average representation of a probabilistic process, or because primary data of specific processes
remains unavailable. By performing a formal sensitivity analysis, for example through Monte Carlo
simulation, the impact of this data uncertainty on the LCIA outcome should be quantified. The results
of this sensitivity analysis would in turn indicate which components in the LCI should be targeted to
further improve the accuracy of the LCA results.

Itis also recommended to conduct similar LCSA studies for other monopropellant use cases, to consider
whether the comparison between various propellants still leads to the same conclusions. In particular,
it would be interesting to investigate what the key drivers in each of the sustainability dimensions are for
each case study. This would clarify which design and development recommendations would be most
effective to improve the sustainability of monopropellant systems across all use cases. Additionally, dif-
ferent case study comparisons could also consider more monopropellants, such as the promising water
electrolysis technology, or other propulsion types, such as electric propulsion, to further characterise
the sustainability of space propulsion systems.

A final research recommendation extends to the application of the SSSD LCSA framework in general,
where it is deemed that the assessment of social impact should be further improved. At this stage, it is
not possible to very directly include the features or social issues related to specific activities in the social
impact assessment. This is especially problematic for the activities for which there are known social
issues that cannot be captured by the current LCIA methodology. The social LCIA method could be
updated by considering recent advancements within the field of social LCA studies. By enabling a more
thorough assessment of monopropellant systems’ social impact, the SSSD LCSA methodology would
be able to better assist in the comparison of the sustainability of novel monopropellant and hydrazine
propulsion systems.
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Propulsion system sizing code

This appendix presents the code used in the propulsion system sizing for the various propellant options,
the method for which was discussed in Subsection 6.2.5.

1 # Import packages

2 import numpy as np

3 from matplotlib import pyplot as plt
4

5

6 # Create Propulsion System class

7 class Propsystem():

8 def __init__(self):

9 # Initialize with default settings

10 # Propellant properties (default = Hydrazine, MR-103J)

1 self.prop = {'type': "Hyd", 'rho': 1010, 'Isp': 239, 'm_thruster': 0.37}

12 # Pressurant properties (default = Helium)

13 self .press = {'type': "He", 'M': 0.004}

14 # Tank material properties (default = Ti-6A1-4V, SIFA 35 diaphragm: Matweb and
Ballinger and Sims)

15 self.tank = {'type': "Ti", 'rho': 4430, 'yield': 880%10%*6, 'rho_dia': 1120, 't_dia':

0.00178%}

16

17 self.systemmass = 0 # Total propulsion system mass [kg]

18 self .nthrusters = 4 # Number of thrusters (default = 4)

19 self.T_thruster = 1 # Thrust per thruster [N] (default = 1N)

20 self .m_dry = 150 # Satellite dry mass [kg]

21

22 # Delta-V contributions (all with 15% margin)

23 self.dV_deorbit = 80.70 # De-orbit from 567 km orbit [m/s]

24 self.dV_positioning = 11.5 # Initial phasing into constellation [m/s]

25 self.dV_maintenance_lyear = 3.45 # Orbit maintenance per year [m/s]

26 self.dV_phasing_lyear = 1.15 # Phasing per year [m/s]

27 self.dV_avoidance_lyear = 1.33333%1.15 # Collision avoidance budget per year [m/s]

28

29 # Constants

30 self.g_0 = 9.80665 # Gravitational acceleration [m/s”2]

31 self .R = 8.3145 # Gas constant [J/mol/K]

32

33 def choosepropandpress(self, prop='Hyd', press='He'):

34 # LMP-103S properties (Isp: Negri et al. 2015, thruster: Bradford ECAPS 1N HPGP)

35 LMP_props = {'type': "LMP", 'rho': 1238, 'Isp': 254, 'm_thruster': 0.39}

36

37 # ASCENT properties (Isp: Uramachi et al. 2019, thruster: Aerojet GR-1 (mass from
ECAPS 1N HPGP))

38 ASC_props = {'type': "ASC", 'rho': 1470, 'Isp': 266, 'm_thruster': 0.39}

39

40 # SHP163 properties (Isp: Uramachi et al. 2019)

41 SHP_props = {'type': "SHP", 'rho': 1400, 'Isp': 276, 'm_thruster': 0.37}

42
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# 98, HTP properties (Isp: Wernimont 2006)
HTP_props = {'type': "HTP", 'rho': 1440, 'Isp': 190, 'm_thruster': 0.37}

# Tank material properties for Al 5254 and FEP (Teflon) diaphragm (Matweb (entries
2-3), NASA (4) Holscot(5-6))

Al _props = {'type': "Al", 'rho': 2660, 'yield': 117x10xx6, 'AOL': 0.00205, 'rho_dia':
2150, 't_dia': 0.00025}
N2_props = {'type': 'N2', 'M': 0.028} # Nitrogen properties
if prop not in ('Hyd', 'LMP', 'ASC', 'SHP', 'HTP'):
print ("Propellant not included in model")
if press not in ('He', 'N2'):

print ("Pressurant not included in model")

# Set propellant and pressurant properties according to input
if prop == 'LMP':

self.prop = LMP_props

print ("Propellant set to LMP-103S")
elif prop == 'ASC':

self.prop = ASC_props

print ("Propellant set to ASCENT")
elif prop == 'SHP':

self .prop = SHP_props

print ("Propellant set to SHP163")
elif prop == 'HTP':

self .prop = HTP_props

self.tank = Al_props

print ("Propellant set to 98% HTP")

print ("Tank material set to AL 5254")
if press == 'N2':

self.press = N2_props

print ("Pressurant set to N2")

# Function to determine
@staticmethod
def AOLcalculator(ml, cl, V_tank, V, days):

# Chemical constants

M_02 = 0.032 # Oxygen molar mass [kg/mol]

M_H20 = 0.018 # Water molar mass [kg/mol]

M_H202 = 0.034 # Hydrogen peroxide molar mass [kg/
mol]

# Tank properties

r_tank = (V_tank / np.pi * 3 / 4) **x (1 / 3) # Tank radius (assumed spherical) [m]

# AOL determination in function of S/V

if V > V_tank/2: # Lower hemisphere is fully covered
with propellant
S = 2 * np.pi * r_tank ** 2 # Wetted tank surface [m~2]

else:
V_press = V_tank - V # Pressurant volume [m~3]

r_press = (V_press / np.pi * 3 / 4) *x (1 / 3) # Radius of spherical pressurant
volume [m]

r_tank2 = r_tank * (1 / 2) x*x (1 / 3) # Radius of half-tank sphere [m]
r_diff = r_press - r_tank2 # Radial difference [m]
S =2 % np.pi * (r_tank - r_diff) *x 2 # Surface of tank exposed (not

covered by diaphragm) [m~2]

surfvolratio_inch =S / V / 39.3701 # Surface to volume ratio [1/inch
1

AOL = (0.175 * surfvolratio_inch + 0.0075) / 100 *x*x 2 # AOL for Al 5052, 90%
HTP (conservative)

# Determination of reacted mass and moles

m_02 = AOL * 0.47 * c1 * ml * days # Mass of generated
oxygen [kgl

n_02 = m_02 / M_02 # Moles of generated
oxygen [mol]

m_H202 = 2 *x n_02 * M_H202 # Mass of decomposed HTP

[kgl
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def

m_H20 = 2 * n_02 * M_H20 # Mass of generated water
[kgl

# New HTP values

m2 = ml1 - m_02 # New total mass [kg]

c2 = (m1 * c1 - m_H202)/m2 # New HTP concentration
[%/100]

Isp = 190 - (190-150.47)/(0.98-0.85) * (0.98-c2) # New Isp, source Nosseir

et al. 2021 [s]
return m2, c2, Isp, surfvolratio_inch
sizetank(self, years_lifetime, p0=25%10%*5, bdr=4, dV=0):

# Setting up dV budget if mission lifetime is given
if dV ==0:
dV = years_lifetime*(self.dV_avoidance_lyear+self.dV_phasing_lyear+self.
dV_maintenance_1lyear)\
+ self.dV_deorbit + self.dV_positioning
print (dV)

# Design constants

expulsion_ratio = 0.98 # Percentage of propellant effectively expelled

n_Isp = 0.85 # Isp quality

sf_tank = 1.25 # Tank yield strength safety factor (TRP Reader)

mountf_tank = 1.85 # Sizing factor for tank mounting and interfaces (TRP
Reader)

t_min = 0.00085 # Minimum tank thickness (TRP reader) [m]

Isp = self.prop['Isp'l] # Specific impulse [s]

pl = p0 / bdr # Final tank pressure [Pal

T_tank = 273.15 + 20 # Tank temperature [K]

m_dry = self.m_dry # System dry mass [kg]

g_0 = self.g 0 # Gravitational constant [m/s”2]

# Required propellant mass [kg]
m_prop_req = (np.exp(dV/g_0/Isp/n_Isp)-1)*m_dry/(1-(1-expulsion_ratio)*np.exp(dV/g_0/
Isp/n_Isp))

# Iterative procedure to ensure acceptable HTP loss

if self.propl'type']l == 'HTP':
print ("Required usable propellant mass:", np.round(m_prop_req, 2), "kg")
done = False # Initial mass not
yet found
m_prop_i = m_prop_req # Initial guess

# Average delta-V per week [m/s]
dV_week = (self.dV_maintenance_lyear + self.dV_phasing_lyear + self.
dV_avoidance_lyear) / 52

while not done:

m_prop = m_prop_i # Initial propellant
mass [kg]

c = 0.98 # Initial HTP
concentration

m_sc = self.m_dry + m_prop_i # Initial spacecraft

wet mass [kg]

V_prop_i = m_prop_i / self.propl['rho'l] # Initial propellant
volume [m~3]

V_press_i = V_prop_i / (bdr - 1) # Initial pressurant
volume [m~3]

V_tank_i = V_press_i + V_prop_i # Tank volume for

this iteration [m~3]

# Propellant burned for initial phasing [kgl
m_burn_positioning = m_sc * (l1-np.exp(-self.dV_positioning/g_0/Isp/n_Isp))

m_prop -= m_burn_positioning # Update total
propellant mass
m_sc -= m_burn_positioning # Update total

spacecraft wet mass
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for i in range(years_lifetime*52): # Decrease mass per
week
# Passive HTP decomp. per week
V_prop_i = m_prop / self.prop['rho']
m_prop, ¢, Isp, _ = self.AOLcalculator(m_prop, c, V_tank_i, V_prop_i, 7)

m_sc = self.m_dry + m_prop

# Propellant burned per week [kg]

m_burn_week = m_sc * (l1-np.exp(-dV_week/g_0/Isp/n_Isp))
# Update propellant and spacecraft wet mass

m_prop -= m_burn_week

m_sc -= m_burn_week

# Propellant burned for final de-orbit maneuver [kg]
m_burn_deorbit = m_sc * (1-np.exp(-self.dV_deorbit/g_0/Isp/n_Isp))
# Update propellant and spacecraft wet mass

m_prop -= m_burn_deorbit
m_sc -= m_burn_deorbit
if m_prop >= O: # If there is propellant left after mission maneuvers
, design is good
print ("Propellant margin:", np.round(m_prop, 2), "kg")
m_prop = m_prop_i/expulsion_ratio # Required initial propellant mass
with HTP loss
done = True
else: # Increase initial propellant mass for next iteration
m_prop_i = m_prop_i + 0.1
else:
m_prop = m_prop_req # If another propellant than HTP is used, no
additional propellant is required
V_prop = m_prop/self.propl['rho'] # Propellant volume [
m~3]
self .prop['Mass'] = m_prop # Save mass to class
variable
self .prop['Vol'] = V_prop # Save volume to

class variable

# Pressu

rant load

V_pressO = V_prop / (bdr-1) # Initial pressurant
volume [m~3]

rho_pressO = p0 / (self.R/self.press['M']*T_tank) # Initial pressurant
density [kg/m~3]

m_press = V_pressO * rho_pressO # Pressurant mass [kg
]

V_pressl = m_press / (pl/(self.R/self.press['M']*T_tank)) # Final pressurant
volume [m~3]

self .press['Mass'] = m_press # Save mass to class
variable

self .press['Vol'] = V_pressO # Save volume to

class variable

# Tank parameters

V_tank =
m~3]
r_tank =

V_prop + V_pressO # Tank inner volume [

(V_tank / np.pi * 3/4)%x(1/3) # Tank radius (

assumed spherical) [m]

t_tank_press = sf_tank * pO * r_tank / 2 / self.tank['yield'] # Tank wall thickness
for pressure load [m]

t_tank = np.max((t_tank_press, t_min)) # Minimum tank wall
thickness [m]

V_tank_mat = 4 * np.pi * (r_tank+t_tank/2)**2 * t_tank # Tank material
volume [m~3]

m_tank_shell = V_tank_mat * self.tank['rho'] # Tank shell mass [kg
]

m_dia = 2 * np.pi * r_tank**2 * self.tank['t_dia']l #* self.tank['rho_dia'] # Tank

diaphragm mass [kg]
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def

m_tank_dry = m_tank_shell * mountf_tank + m_dia # Total tank dry mass
[kgl

self.tank['m_dry'] = m_tank_dry # Save dry mass to
class variable

self.tank['m_wet'] = m_tank_dry + m_prop + m_press # Save wet mass to
class variable

self.tank['Vol'] = V_tank # Save volume to
class variable

# Print results

print ("Total propellant mass:", np.round(m_prop, 3), "kg")

print ("Propellant volume:", np.round(V_prop, 4), "m~3")

print ("Pressurant mass:", np.round(m_press, 3), "kg")

print ("BOL pressurant volume:", np.round(V_pressO, 4), "m~3")

print ("Tank inner diameter:", np.round(r_tank*2, 2), "m")

print ("Tank volume:", np.round(V_tank, 4), "m~3")

print ("Tank dry mass:", np.round(self.tank['m_dry']l, 3), "kg")

print ("Tank wall thickness", np.round(t_tank*10*x3, 2), "mm"

print ("Tank wet mass:", np.round(self.tank['m_wet'], 2), "kg\n")

sizesystem(self, years_lifetime, p0=25*%10**5, bdr=4, n_thrusters=4, dV=0,
massbreakdown=False) :
# Design constants
if n_thrusters != 4:
self .nthrusters = n_thrusters

# Set component masses
if self.tank['type'l == 'Ti':

m_latch = 0.320 # Latch valve mass (Moog SS single line isolation
valve) [kg]

m_service = 0.209 # Fill-drain valve mass (Moog SS low pressure) [kgl

m_PT = 0.125 # Pressure transducer mass (Bradford SS Mini PT) [kg]

m_orifice = 0 # Flow restrictor mass [kg]

m_filter = 0.06 # Filter mass (Mott small filter for mass flow of

0.45 g/s) [kgl
m_heater = 0.005 # Heater mass [kg] (Polyimide+Acrylic heater, mass
assumed from Minco Thermofoil)

if self.tank['type'l == 'Al':

m_latch = 0.320 # Latch valve mass (Moog SS single line isolation
valve) [kg]

m_service = 0.209 # Fill-drain valve mass (Moog SS low pressure) [kgl

m_vent = 0.09 # HTP vent valve (ArianeGroup Oxidiser vent valve) [
kgl

m_PT = 0.125 # Pressure transducer mass (Bradford SS Mini PT) [kgl

m_orifice = 0 # Flow restrictor mass [kg]

m_filter = 0.06 # Filter mass (Mott small filter for mass flow of
0.45 g/s) [kgl

m_heater = 0.005 # Heater mass [kgl(Polyimide+Acrylic heater, mass

assumed from Minco Thermofoil)

# Size tank
self.sizetank(years_lifetime, pO, bdr, dV)

# Add components to total system mass

self.systemmass = self.tank['m_dry'] # Start with tank dry
mass

self.systemmass += n_thrusters * self.prop['m_thruster'] # Add thrusters to the
system

self.systemmass += 2 * m_service # Add service valves to
the system

self.systemmass += m_latch # Add latch valve to the
system

if self.propl['type'] == 'HTP': # Add relief valve if HTP

is used

self.systemmass += m_vent

self.systemmass += m_PT # Add PT to the system

self.systemmass += m_filter # Add propellant filter

to the system
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if

__name__ ==

self.systemmass += 4 * m_heater # Add heaters to the

system (2 + 2)

m_piping = self.systemmass * 0.15 # Take 15% for piping (

assumed from TRP reader)
self.systemmass += m_piping

m_wiring = self.systemmass * 0.05 # Add 5% margin for

wiring and control (assumed from
# Nosseir et al.

)

self.systemmass += m_wiring

print ("Total system dry mass:", np.round(self.systemmass, 2), "kg")

print ("Total system wet mass:", np.round(self.systemmass + self.prop['Mass'] + self.

press['Mass'], 2), "kg\n")

if massbreakdown:

print ("Mass Breakdown (kg):")
print ("Propellant filter:", np.round(m_filter, 3))
print ("Latch valve:", np.round(m_latch, 3))
print ("Patch heater:", np.round(4*m_heater, 3))
print ("Piping:", np.round(m_piping, 3))
print ("Pressure transducer", np.round(m_PT, 3))
if self.prop['type']l == 'HTP':

print ("Relief valve:", np.round(m_vent, 3))
print ("Fill/drain valves", np.round(m_service*2, 3))
print ("Tank", np.round(self.tank['m_dry']l, 3))
print ("Thrusters", np.round(4*self.prop['m_thruster'], 3))
print ("Wiring", np.round(m_wiring, 3),"\n")

_ __main__
# Hydrazine
hydsystem = Propsystem()

hydsystem.sizesystem (10, p0=25%10%*5, massbreakdown=True)

# ASCENT

ASCsystem = Propsystem()
ASCsystem.choosepropandpress ('ASC')
ASCsystem.sizesystem (10, massbreakdown=True)

# LMP-103S

LMPsystem = Propsystem()
LMPsystem.choosepropandpress ('LMP')
LMPsystem.sizesystem (10, massbreakdown=True)

# HTP

HTPsystem = Propsystem()
HTPsystem.choosepropandpress ('HTP')
HTPsystem.sizesystem (10, massbreakdown=True)

# Validation

print ("SkySat Validation")

SkySat = Propsystem()

SkySat.m_dry = 120

SkySat.choosepropandpress ('LMP ')

SkySat.dV_deorbit = 0

SkySat.sizesystem(1l, p0=18.5%10%*5, bdr=3.7, dV=180)

print ("Altius Validation")
Altius = Propsystem()
Altius.m_dry = 200
Altius.dV_deorbit = 0
Altius.sizesystem (1, dV=120)

print ("PRISMA VAlidation")
PRISMA = Propsystem()
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PRISMA.m_dry = 120

PRISMA.choosepropandpress ('LMP')

PRISMA.dV_deorbit = 0

PRISMA.sizesystem(1l, p0=18.5%10**5, bdr=3.8, n_thrusters=2, dV=90)

print ("Myriade Validation")

Myriade
Myriade
Myriade
Myriade
Myriade

= Propsystem()

.choosepropandpress (press="'N2")

.m_dry = 100

.dV_deorbit = 0

.sizesystem(1l, p0=22%10%*5, bdr=4, dV=80, massbreakdown=True)



Remaining life cycle inventory
definitions

This appendix will provide process definition tables which were omitted from the report due to brevity.
Each process included here has been discussed and justified in Section 7.4.

B.1. New core processes
B.1.1. Alumina/platinum granular catalyst

Table B.1: Process definition for alumina/platinum granular catalyst production and testing

Flow Amount Unit Description
INPUT
aluminium oxide 0.7 kg 70% of total mass [193].

Proxy for catalyst

drying and calcination [40].

No information available,

linked to cost [111].

platinum 0.3 kg 30% of total mass [193].

Same bulk density as Al,O3/Ir

electricity, low voltage 12 kWh

Organisational Time Contribution (Nat) - EU 15 work-hours

: . i 3
Total Design Loads Inspection 6.33E-04 m catalyst [194].
transport, freight, lorry 16-32 metric ton, EURO4 0.75 t* km Material transport,_

standard assumptions.

OUTPUT

Alumina/Platinum Granular Catalyst 1 kg -
SPACE SEGMENT: Goods Transport 375 USD 2017 Averagg cost to move
via Lorry Costs goods via road transport [111].
SPACE SEGMENT: Spacecraft Material, Adjusted from Al,O3/Ir catalyst
Component & Resource Costs 3269.398  USD 2017 [25], [195].
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B.1.2. Diaphragm propellant tank, titanium

Table B.2: Process definition for titanium/SIFA-35 diaphragm propellant tank production and testing

Flow Amount Unit Description
INPUT
. - 9 Total surface area
anodising, aluminium sheet 0.464 m .
scaled from PS sizing.
Automated Eddy Current Inspection 0.855 m Tank periphery .
scaled from PS sizing.
. Outer surface area
2
Dye Penetrant Inspection 0.232 m scaled from PS sizing.
Proxy for SIFA-35
EPDM Product 0.125 kg diaphragm production.
Mass scaled from PS sizing.
Expulsion Efficiency Inspection 0.0105 m> Volume scaled from PS sizing.
Leak Test 0.0105 m> Volume scaled from PS sizing.
Metal Heat Treatment 0.875 kg Shell mass §caled
from PS sizing
Metal Heat Treatment 17.5 kg Shell mass _scaled
from PS sizing
Negative Pressure Inspection 0.0105 m> Volume scaled from PS sizing.
. : I No information available,
Organisational Time Contribution (Nat) - US 142 work-hours linked to cost [111].
Pressure Cycle Inspection 0.0105 m3 Volume scaled from PS sizing.
Proof Pressure Inspection 0.0105 m3 Volume scaled from PS sizing.
TIG Welding, TIAIGV4 0.855 m Tank periphery =
scaled from PS sizing.
- . Adapted from existing
Titanium, Milling 6.65 kg SSSD dataset [111].
Titanium, TIAI6V4 0.875 kg Mass scaled from
PS sizing.
o . Adapted from existing
Titanium, Turning 9.975 kg SSSD dataset [111].
Total Design Loads Inspection 0.0105 m3 Volume scaled from PS sizing.
transport, freight, lorry 16-32 metric ton, EURO4 0.75 txkm Material transport,.
standard assumptions.
Ultrasonic Inspection 0.0105 m3 Volume scaled from PS sizing.
Vibration Test 0.0105 m? Volume scaled from PS sizing.
Volumetric Capacity Examination 0.0105 m> Volume scaled from PS sizing.
: . . Outer surface area
- 2
X-Ray/Radiographic Inspection 0.232 m scaled from PS sizing.
OUTPUT
Diaphragm Propellant Tank - Spherical - Ti6AI4V 1 kg -
SPACE SEGMENT: Goods Transport 3.75 USD 2017 Average_ cost to move
via Lorry Costs goods via road transport [111].
SPACE SEGMENT: Spacecraft Material, 31270 USD 2017 Scaled from Rafael

Component & Resource Costs

PEPT-230 data [199].
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B.1.3. Fill/drain valve

Table B.3: Process definition for fill/drain valve production and testing

Flow Amount Unit Description
INPUT
chromium steel removed by milling, small parts 0.0479 kg Mags based on .
ecoinvent recommendation.
: . . Approximated from
2
degreasing, metal part in alkaline bath 0.00976 m technical drawings [187].
Approximated from
EPDM Product 6E-4 kg technical drawings [187].
forging, steel 0.208 kg Mass from datasheet [187].
impact extrusion of steel, hot, 3 strokes 0.208 kg Mass from datasheet [187].
Approximated from
_ 3
Leak Test 145E-06 m technical drawings [187].
: . Approximated from
_ 3
Negative Pressure Inspection 1.45E-06 m technical drawings [187].
C , _ No exact information,
Organisational Time Contribution (Nat) - US 39 work-hours linked to cost [111].
steel, chromium steel 18/8 0.208 kg Mass from datasheet [187].
transport, freight, lorry 16-32 metric ton, EURO4 0.157 txkm Material transport,.
standard assumptions.
. Approximated from
welding, arc, steel 0.232 m technical drawings [187].
OUTPUT
Fill/Drain Valve - Low Pressure - Stainless Steel 1 Item(s) -
SPACE SEGMENT: Goods Transport 0784 USD 2017 Averagg cost to move
via Lorry Costs goods via road transport [111].
SPACE SEGMENT: Spacecraft Material, 8622 USD 2017 Estimate from correspondence

Component & Resource Costs

with product manager.
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B.1.4. Seamless tubing

Table B.4: Process definition for seamless tubing production and testing

Flow Amount Unit Description
INPUT
. Calculated based on
Automated Eddy Current Inspection 11.11 m 1 kg mass [185].
. . . Calculated based on
2
degreasing, metal part in alkaline bath 0.443 m 1 kg mass [185].
: . Seamless tube
drawing of pipe, steel 1 kg forming.
Seamless tube
Metal Heat Treatment 2x 1 kg forming [185].

o . I No exact information,
Organisational Time Contribution (Nat) - UK 0.72 work-hours linked to cost [111].
steel, chromium steel 18/8 1 kg Proxy for 304 alloy [185].
transport, freight, lorry 16-32 metric ton, EURO4 0.75 txkm Material transport,.

standard assumptions.
. : Calculated based on
3
Ultrasonic Inspection 0.00016 m 1 kg mass [185].
OUTPUT
Seamless Tubing - Stainless Steel 1 kg -
SPACE SEGMENT: Goods Transport via Average cost to move

Lorry Costs 3.75 USD 2017 goods via road transport [111].

SPACE SEGMENT: Spacecraft Material, 158 USD 2017 Estimate from supplier,
Component & Resource Costs adjusted for inflation [203].
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B.1.5. Thruster combustion chamber, inconel

Table B.5: Process definition for inconel thruster combustion chamber production and testing

Flow Amount Unit Description
INPUT
Proxy for inconel milling,
chromium steel removed by milling, small parts 0.0247 kg mass from ecoinvent
recommendation.
: . . Approximated from
_ 2
degreasing, metal part in alkaline bath 9.51E-4 m technical drawings [125].
. Approximated from
_ 2
Dye Penetrant Inspection 9.51E-4 m technical drawings [125].
forging, steel 0.107 kg Proxy for inconel forging [125].
iron-nickel-chromium alloy 0.107 kg Proxy for inconel production [125].
Metal Heat Treatment 0.107 kg -
Organisational Time Contribution (Nat) - US 86 work-hours No data available,

transport, freight, lorry 16-32 metric ton, EURO4  0.0805 tx km

linked to cost [111].
Material transport,
standard assumptions.
Approximated from

: : . . i 9

X-Ray/Radiographic Inspection 9.51E-4 m technical drawings [125].
OUTPUT

Seamless Tubing - Stainless Steel 1 Item(s) -

SPACE SEGMENT: Goods Transport via

Lorry Costs 0.402 USD 2017

Average cost to move
goods via road transport [111].
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B.2. Propulsion system inventories
B.2.1. ASCENT

Table B.6: Process definition for ASCENT propulsion system assembly and testing

Flow Amount Unit Description
INPUT
Diaphragm Propellant Tank - Spherical - Ti6AI4V 1.79 kg Based on PS sizing.
Service valves,
Fill/Drain Valve - Low Pressure - Stainless Steel 2 Item(s) based on PS
architecture.
Proxy for isolation
Flow Control Valve - Double Seat - Stainless Steel 0.5 Item(s) latch valve, based on
PS architecture.
Tank volume and
Leak Test 2x 0.0104 m3 thruster internal
volumes.
Organisational Time Contribution (Nat) - NL 1000 work-hours B?Sed on correspondence
with expert.
Tank volume and
Proof Pressure Inspection 0.0104 m3 thruster internal
volumes.
Seamless Tubing - Stainless Steel 0.638 kg Based on PS sizing.
Thruster - 1N - ASCENT 4 Item(s) Based on PS architecture.
. . . Transport of valves,
transport, freight, aircraft, unspecified 5.796 tx km from US to NL.
. . e Transport of propellant tank,
transport, freight, aircraft, unspecified 20.030 tx km from US to NL.
. . - Transport of
transport, freight, aircraft, unspecified 17.456 t*x km thrusters from US to NL.
Tank volume and
Vibration Test 0.0104 m3 thruster internal
volumes.
OUTPUT
Minisatellite Propulsion System - 4x1N - 1 Item(s) )
Monopropellant ASCENT
SPAC_)E SEGMENT: Goods Transport 4.043 USD 2017 A_vera_ge cost to move
via Air Costs air freight [111].
SPAC?E SEGMENT: Goods Transport 13.971 USD 2017 Ayerage cost to move
via Air Costs air freight [111].
SPA(_)E SEGMENT: Goods Transport 12176 USD 2017 A_vera_ge cost to move
via Air Costs air freight [111].
SPACE SEGMENT: Spacecraft 219593 USD 2017 No exact information,

Assembly & Integration Costs

linked to labour hours [111].
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B.2.2. LMP-103S

Table B.7: Process definition for 1 NV LMP-103S thruster assembly and testing

Flow Amount Unit Description
INPUT
. - Catalyst bed length

Alumina/lridium Granular Catalyst 0.00254 kg with propellant 7., [207].
Catalyst Bed Heater - Coiled - Inconel Sheath 0.05 kg Thruster design [141].
Flow Control Valve - Double Seat - Stainless Steel 1 Item(s) Thruster design [141].
Leak Test 3x 1.76E-4 m3 Total internal volume

of all components.
Organisational Time Contribution (Nat) - SE 12 work-hours Bgsed on correspondence

with expert.
Proof Pressure Inspection 1.76E-4 m? Totalinternal volume

of all components.
Thruster Combustion Chamber - 1N - .
Iridium/Rhenium Alloy 1 Item(s) Thruster design [141].

Transport of combustion

transport, freight, aircraft, unspecified 1.716 txkm chamber from US to SE.

. . o Transport of FCV
transport, freight, aircraft, unspecified 2179 tx km from US to SE.

. . Transport of catalyst bed
transport, freight, lorry 16-32 metric ton, EURO4 0.194 txkm heater from FR to SE.
Vibration Test 1.76E-4 ms ~ 1otalinternal volume

of all components.

. Proxy for brazing,
welding, arc, steel 0.427 m based on technical drawings [198].
X-Ray/Radiographic Inspection 0.00778 m? Total outer surface area

of all components.
OUTPUT
Thruster - 1N - LMP-103S 1 ltem(s) -
SPA(_)E SEGMENT: Goods Transport 1.197 USD 2017 A_vera_ge cost to move
via Air Costs air freight [111].

SPAC_:E SEGMENT: Goods Transport 1520 USD 2017 Ayerage cost to move

via Air Costs air freight [111].

SPACE SEGMENT: Goods Transport 0.968 USD 2017 A_verage cost to move goods
via Lorry Costs via road transport [111].
SPACE SEGMENT: Spacecraft Material, Estimated cost

Component & Resource Costs 64390 USD 2017 of HPGP thruster [197].
SPACE SEGMENT: Spacecraft Material, Compensation

Component & Resource Costs -39.152 USD 2017 for catalyst bed cost.
SPACE SEGMENT: Spacecraft Material, Compensation

Component & Resource Costs -1896.75  USD 2017 for catalyst bed heater cost.
SPACE SEGMENT: Spacecraft Material, Compensation

Component & Resource Costs -21554 USD 2017 for FCV cost.
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Table B.8: Process definition for LMP-103S propulsion system assembly and testing

Flow Amount Unit Description
INPUT
Diaphragm Propellant Tank - Spherical - Ti6AI4V 2.07 kg Based on PS sizing.
Service valves,
Fill/Drain Valve - Low Pressure - Stainless Steel 2 Item(s) based on PS
architecture.
Proxy for isolation
Flow Control Valve - Double Seat - Stainless Steel 0.5 Item(s) latch valve, based on
PS architecture.
Tank volume and
Leak Test 2x 0.0131 m> thruster internal
volumes.
Organisational Time Contribution (Nat) - NL 1000 work-hours Bgsed on correspondence
with expert.
Tank volume and
Proof Pressure Inspection 0.0131 m3 thruster internal
volumes.
Seamless Tubing - Stainless Steel 0.686 kg Based on PS sizing.
Thruster - 1N - LMP-103S 4 Item(s) Based on PS architecture.
. . . Transport of valves,
transport, freight, aircraft, unspecified 5.796 t* km from US to NL.
. . o Transport of propellant tank,
transport, freight, aircraft, unspecified 23.163 t*x km from US to NL.
. . o Transport of
transport, freight, aircraft, unspecified 4.238 tx km thrusters from SE to NL.
Tank volume and
Vibration Test 0.0131 m> thruster internal
volumes.
OUTPUT
Minisatellite Propulsion System - 4x1N - 1 Item(s) )
Monopropellant LMP-103S
SPAQE SEGMENT: Goods Transport 4.043 USD 2017 A_vera_ge cost to move
via Air Costs air freight [111].
SPA(_)E SEGMENT: Goods Transport 16.156 USD 2017 A_vera_ge cost to move
via Air Costs air freight [111].
SPACE SEGMENT: Goods Transport 21189 USD 2017 Average_ cost to move
via Lorry Costs goods via road transport [111].
SPACE SEGMENT: Spacecraft 219593 USD 2017 No exact information,

Assembly & Integration Costs

linked to labour hours [111].
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B.2.3. 98% HTP

Table B.9: Process definition for 1 N 98% HTP thruster assembly and testing

Flow Amount Unit Description
INPUT
. . Catalyst bed length

Alumina/Platinum Granular Catalyst 0.00288 kg with propellant 7., [207].
Catalyst Bed Heater - Coiled - Inconel Sheath 0.05 kg Thruster design [125].
Flow Control Valve - Double Seat - Stainless Steel 1 Item(s) Thruster design [125].
Leak Test 3x 1.75E-4 m3 Total internal volume

of all components.
Organisational Time Contribution (Nat) - EU 12 work-hours Bgsed on correspondence

with expert.
Proof Pressure Inspection 1.75E-4 m? Totalinternal volume

of all components.
Thruster Combustion Chamber - 1N - Inconel 1 ltem(s) Thruster design [34].
Transport of combustion

transport, freight, aircraft, unspecified 1.253 t* km chamber from US to EU.

. . . Transport of FCV
transport, freight, aircraft, unspecified 2.336 tx km from US to RER.

. . Transport of catalyst bed
transport, freight, lorry 16-32 metric ton, EURO4 0.124 t*x km heater from FR to RER.
Vibration Test 1.75E-4 ms ~ lotalinternal volume

of all components.

. Proxy for brazing,

welding, arc, steel 0.191 m based on technical drawings [125].
X-Ray/Radiographic Inspection 0.00622 m? Total outer surface area

of all components.

OUTPUT

Thruster - 1N - 98% HTP 1 Item(s) -
SPAC_)E SEGMENT: Goods Transport 1629 USD 2017 Ayerage cost to move
via Air Costs air freight [111].
SPAC_)E SEGMENT: Goods Transport 0.874 USD 2017 Ayerage cost to move
via Air Costs air freight [111].
SPACE SEGMENT: Goods Transport 0622 USD 2017 Ayerage cost to move goods
via Lorry Costs via road transport [111].
SPACE SEGMENT: Spacecraft Material, Estimated cost
Component & Resource Costs 42927 USD 2017 of hydrazine thruster [197].
SPACE SEGMENT: Spacecraft Material, Compensation
Component & Resource Costs -1896.75 USD 2017 for catalyst bed cost.
SPACE SEGMENT: Spacecraft Material, Compensation
Component & Resource Costs -9.385 USD 2017 for catalyst bed heater cost.
SPACE SEGMENT: Spacecraft Material, Compensation

Component & Resource Costs -21554 USD 2017 for FCV cost.
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Table B.10: Process definition for 98% HTP propulsion system assembly and testing

Flow Amount Unit Description
INPUT
Diaphragm Propellant Tank - Spherical - Al5254 3.064 kg Based on PS sizing
Service valves,
Fill/Drain Valve - Low Pressure - Stainless Steel 2 Item(s) based on PS
architecture.
Proxy for isolation
Flow Control Valve - Double Seat - Stainless Steel 0.5 Item(s) latch valve, based on
PS architecture.
Tank volume and
Leak Test 2x 0.0156 m> thruster internal
volumes.
Organisational Time Contribution (Nat) - NL 1000 work-hours Bgsed on correspondence
with expert.
Tank volume and
Proof Pressure Inspection 0.0156 m3 thruster internal
volumes.
Seamless Tubing - Stainless Steel 0.837 kg Based on PS sizing.
Thruster - 1N - 98% HTP 4 Item(s) Based on PS architecture.
. . . Transport of valves,
transport, freight, aircraft, unspecified 5.797 t* km from US to NL.
. . Transport of propellant tank,
transport, freight, lorry 16-32 metric ton, EURO4 4.219 t*x km from RER to NL.
. . Transport of
transport, freight, lorry 16-32 metric ton, EURO4 1.983 tx km thrusters from RER to NL.
Tank volume and
Vibration Test 0.0156 m> thruster internal
volumes.
OUTPUT
Minisatellite Propulsion System - 4x1N - 1 Item(s) )
Monopropellant 98% HTP
SPAQE SEGMENT: Goods Transport 4.043 USD 2017 A_vera_ge cost to move
via Air Costs air freight [111].
SPACE SEGMENT: Goods Transport 31.0094  USD 2017 Average_ cost to move
via Lorry Costs goods via road transport [111].
SPACE SEGMENT: Spacecraft 219593 USD 2017 No exact information,

Assembly & Integration Costs

linked to labour hours [111].




Technical drawings used for life cycle
inventory definitions

This appendix presents the technical diagrams, images or renders that were used in the development
of the various component LCls in Section 7.4. In each image, a red line shows the known dimension
used to estimate other dimensions in the diagram. While the diagrams are grouped based on the
component they depict, it should be noted that some component dimensions were estimated using
diagrams of other components. For example, to estimate the diameter of the catalyst bed heater caoill,
a technical drawing of the ECAPS 1 N thruster was used.

C.1. Aerojet Rocketdyne MR-103J 1 N hydrazine thruster
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Figure C.1: Diagram of MR-103J hydrazine thruster developed by Aerojet Rocketdyne [125]. Reference dimension is flow
control valve length, equal to 85 mm.
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C.2. ArianeGroup 1 N hydrazine thruster 180

C.2. ArianeGroup 1 N hydrazine thruster
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Figure C.2: Diagram of 1 IV hydrazine thruster developed by ArianeGroup [202]. Reference dimension is flow control valve
diameter, equal to 22 mm.

C.3. ECAPS 1 N HPGP thruster
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Figure C.3: Top view technical drawing of 1 N HPGP thruster developed by ECAPS [198]. Reference dimension is flow control
valve length, equal to 103 mm.



C.4. Moog fill/ drain valve 181

Figure C.4: Side view rendering of 1 N HPGP thruster combustion chamber [206]. Reference dimension is combustion
chamber diameter, estimated at 10 mm, based on Figure C.3.

C.4. Moog fill/ drain valve
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Figure C.5: Side view technical drawing of low pressure stainless steel fill/ drain valve developed by Moog [187]. Reference
dimension is total valve length, equal to 113.54 mm.




C.5. Thermocoax coiled catalyst bed heater 182

C.5. Thermocoax coiled catalyst bed heater

Figure C.6: Cross section image of mineral insulated cable used in coiled catalyst bed heater [196]. Reference dimension is
cable diameter, equal to 1.5 mm



C.6. Valvetech flow control valve
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C.6. Valvetech flow control valve
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Figure C.7: Side view technical drawing of thruster flow control valve [201]. Reference dimension is valve outer diameter,

estimated at 22 mm, based on Figure C.2.



Environmental LCIA single score
calculation

Using the absolute scores for each of the environmental impact categories reported in Table 7.21 and
the normalisation and weighting factors reported in Table 4.1, Table D.1 shows the calculation of the
environmental single score of each of the considered propulsion systems. Note that no units are given
for each impact category as the reported scores are all normalised to a comparable non-dimensional
unit.

Table D.1: Environmental single score calculation for the environmental LCIA of the various propulsion systems, using the
impact categories included in the Environmental Footprint framework [115].Bold indicates the highest score for the respective

category.

Impact category Hydrazine ASCENT LMP-103S 98% HTP
Acidification 6.85E-02 3.25E-01  3.33E-01 2.99E-02
Climate change 1.04E-01 1.03E-01  1.34E-01 4.70E-02
Ecotoxicity, freshwater 4.03E-01 2.37E+00 2.46E+00 6.94E-02
Eutrophication, freshwater 7.75E-02 1.59E-01 1.72E-01 3.74E-02
Eutrophication, marine 1.32E-02 1.45E-02 1.55E-02 4.22E-03
Eutrophication, terrestrial 5.04E-02 6.04E-02 6.47E-02 1.57E-02
Human toxicity, cancer 3.05E-03 2.82E-03 3.21E-03 9.23E-04
Human toxicity, non-cancer 3.25E-03 457E-03 5.00E-03 1.48E-03
lonising radiation 6.62E-03 4.99E-03 6.24E-03 2.72E-03
Land use 3.20E-04 3.81E-04 4.29E-04 5.15E-05
Ozone depletion 2.53E-03 1.97E-03 2.31E-03 1.85E-03
Particulate matter 4.39E-02 7.62E-02 8.31E-02 1.54E-02
Photochemical ozone formation 4.13E-02 6.60E-02 7.12E-02 1.34E-02
Resource use, fossils 6.89E-02 7.16E-02 1.05E-01 2.84E-02
Resource use, minerals and metals, - 4 g3r.0p  853E-01 8.59E-01  4.06E-02
ultimate reserve

Water use 3.72E-02 3.04E-02 3.66E-02 3.36E-02
Environmental single score 0.97 4.14 4.35 0.34
Environmental single score, 100.00 426.91 448.22 35.27

relative to hydrazine [%]
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Remaining data quality assessments

In Table E.1, an overview is given of the processes relating to propellant and thruster production. As
all data quality ratings are lower than 3, it is deemed that these LCI definitions obtain a basic quality
[217].

Table E.1: Data quality assessment for propellant specific processes. TeR=Technological representativeness,
GR=Geographical representativeness, TiR=Temporal representativeness, C=Completeness, P=Precision/uncertainty,
M=Methodological appropriateness and consistency, DQR=Data quality rating as calculated following [217].

Process TeR GR TiR C P M DQR
Hydrazine ultra high purity 1 2 1 2 2 2150
1N hydrazine thruster 1 1 2 3 4 3| 2.50
ASCENT 1 1 5 1 2 2| 267
1N ASCENT thruster 3 4 3 3 4 3] 3.0
LMP-103S 2 1 1 1 1 2| 133
1N LMP-103S thruster 3 1 2 3 3 3] 225
98% HTP 3 1 3 3 3 3] 233
1N 98% HTP thruster 3 2 3 3 4 3| 283
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