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Abstract

Recent commitments by national and international bodies towards environmental problems has allowed a range
of mitigation measures and key sustainability issues to filter down and become embedded in a growing number of
industrial and commercial sectors. Notwithstanding this, space operations have often been overlooked in key
legislation or regulatory requirements, with the result that the environmental impact of such activities were often
disregarded or ignored. Over the last few years things have begun to change as interest has intensified in the
transparency and accountability needed from the space industry in order to fully understand and articulate its effects
on the environment.

This has led to the development of an environmental management tool called Life Cycle Assessment (LCA)
which is increasingly being adopted by the space industry to assess the full environmental impact of their products
and practices over their entire life cycle. The European Space Agency (ESA) began work on this topic in 2009 by
employing an internal concurrent design study called ECOSAT to consider the life cycle impact of the design,
manufacturing, launch and operations of a satellite. One of the key findings of this study revealed that existing
terrestrial focussed LCA databases lacked the scope and capacity to conduct such advanced assessments due to the
unique and specialist nature of space sector operations.

To overcome this, ESA has continued to develop LCA methodology within the space sector to the point where it
is now looking at introducing it into the design of future spacecraft and space systems. This indicates the manner in
which the design and execution of European space missions will likely proceed. Running alongside this green
movement, the New Space trend is predicted to introduce large numbers of small satellites into the space
environment which will substantially alter environmental and societal impacts.

This paper presents an open-source LCA platform currently under development at the University of Strathclyde,
outlining its integration into the concurrent design process of next generation green space systems. The LCA
platform includes extreme scale systems from large constellations of nanosats to solar power satellites. Both
extremes have in common the need of massive production cycles. The integration of LCA into the design process
allows one to minimise the environmental impact and define new optimality criteria for the space system.
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(SSSD),
Programme (UNEP).

1. Introduction

A key difficulty arising from the omission of space
activities from mainstream legislative or regulatory
requirements was that the industry lagged behind others
in terms of an ability to determine and account for its
environmental impacts. For example, when the
Montreal Protocol on Substances that Deplete the
Ozone Layer was introduced in 1987 it completely left
out the space industry despite rocket propulsion being
the only source of anthropogenic emissions to inject
ozone destroying compounds directly into all layers of
the atmosphere [1]. However, the adoption in 2015 of
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the Paris Agreement and Sustainable Development
Goals by 195 member states of the United Nations has
resulted in a much more coordinated global approach
towards setting goals and in achieving environmental
sustainability. This vision illustrates that to achieve
sustainability all sections of society must be fully
engaged and the space industry is no exception.

To this end, Life Cycle Assessment (LCA) has
become an important environmental management
technique which is increasingly being applied within the
space industry to assess the environmental impacts of
products over their life cycles. Furthermore, it is swiftly
being recognised as an essential tool for the
measurement of environmental impacts in space
systems by bodies such as the European Space Agency
(ESA) Clean Space Initiative and others across the
industry [2].

LCA considers the entire life cycle of a product from
raw material extraction through processing &
manufacturing, assembly, transportation, use and end of
life as displayed in Fig. 1. This shows a cradle to cradle
representation of an LCA system meaning that some or
all of the material or energy is put back into the product
system via a recycling process at end of life. This is not
always the case and alternatively a cradle to grave
system may be applied where material or energy is
disposed of at end of life. A combination of these two
approaches is equally as valid an option.

Materi
P‘a&tracgog’

Life Cycle

Assessment

Tfansportat'\on

Fig. 1. Life Cycle Perspective of a Product System

The use of this tool has grown in recent years to
become an extremely important aspect of product
development and improvement. This makes its
integration within product design sessions vital in order
to inform decision-makers of the potential
environmental impacts of design choices made during
preliminary mission plans. Doing this will assist in
mitigating adverse environmental impacts as early into
the design process as possible in order to create
environmentally sustainable products.
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This paper will present a new open-source LCA
platform for space systems which is currently under
development at the University of Strathclyde. The LCA
platform incorporates processes which are capable of
modelling a wide range of systems including cubesats,
general space missions, large nanosat constellations and
solar power satellites. The paper will also outline the
integration of this platform into the concurrent design
process of next generation green space systems. The
integration of LCA into the design process allows
decision-makers to minimise environmental impacts and
define new optimality criteria for space systems. As
such, it will act as the pathfinder for the space industry
in finding the route to sustainability by using cutting-
edge technological solutions that have the capability and
practical application to mitigate the overall
environmental impacts of space programmes and
activities throughout the design process.

2. Life Cycle Assessment of Space Systems

2.1 LCA Framework

LCA is an environmental management tool which
can be used to measure the environmental impacts of
products, processes or services over their entire life
cycle. It is internationally standardised by the
International Organization for Standardization (ISO)
through the ISO 14040 and 14044 environmental
management standards on LCA. These standards were
released in 2006 and provide a globally accepted
framework to which all LCA studies should adhere to
[3,4]. This framework consists of four stages which can
be visualised in Fig. 2.
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Fig. 2. LCA Framework (ISO 14044:2006) [3,4]

The first stage is the goal and scope definition. This
should be outlined at the beginning of the study before
any data collection occurs. It sets the purpose of the
assessment and establishes criteria relating to the
product system under study to which all decisions
within each stage of the LCA framework should relate.
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Two important features within this stage are the
functional unit (FU) and system boundaries of the study.
The FU is a quantified performance of a product system
for use as a reference unit. As such this is what all
inputs and outputs of the study should be related to. The
system boundary specifies which unit processes are
included as part of the product system. Defining the
system of study is particularly important for clarity
relating to which unit processes are included as inputs
and outputs within the study.

Secondly, the life cycle inventory analysis (LCI)
phase involves data collection and calculation
procedures to quantify relevant inputs and outputs of the
product system under study. This can often be an
extremely time consuming and complex stage but
importantly allows for the accounting of everything
involved in the system of interest. For this reason, LCI
databases are commonly used as an inventory of process
input and outputs.

The third stage is the life cycle impact assessment
(LCIA) phase. Using the LCI results, this stage
evaluates the significance of the potential environmental
impacts of the product system under study. This process
involves associating inventory data with specific
environmental impact categories and category
indicators, thereby attempting to understand these
impacts. The stage consists of three mandatory steps.
The first is the selection of impact categories, indicators
and characterisation models which will be used within
the study. The second is classification which is the
assignment of LCI results to the relevant impact
categories defined in the previous step. Thirdly is
characterisation which involves calculating impact
category results by converting LCI results into common
units using characterisation factors. These converted
units are then aggregated within the same impact
category to come to a numerical indicator result.

Lastly, the interpretation phase considers the
findings from the LCI and LCIA together. It should
deliver results that are consistent with the goal and
scope whilst providing a set of conclusions, limitations
and recommendations. Additionally this phase should
also identify any significant issues from LCI and LCIA
and provide completeness, sensitivity and consistency
checks.

2.2 Background of LCA within the Space Sector

LCA within the space sector is a relatively new
concept. The topic was initiated by ESA in 2009 when
they employed an internal concurrent design study
called ECOSAT to consider the life cycle impact of
satellite design, manufacturing, launch and operation of
a space mission. The successful outcome of this study
led to the ESA Directorate of Launchers calling for the
environmental impacts of launch vehicles to be
investigated. As such, a study on a Vega and Ariane 5
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launcher was carried out in 2011. Attention then turned
to full missions in 2012 and the impacts of four satellite
missions (earth observation, telecommunications,
meteorological and science) were investigated. Each of
these missions used the results from the launchers study
to provide an insight into the comparative impacts of the
launch, space and ground segment [5,6].

Using the results from these studies coupled with
expert input, ESA were able to create a new LCA tool
called SPACE OPERA which is the first LCA database
capable of calculating the environmental impacts of
space missions. This was a lengthy process due to the
complexity and uniquely differing requirements of
space systems and is still classed as under development
despite involving hundreds of experts from around the
world [7]. However ESA hope to expand this database
over time to update the methodology and add more
space systems.

In addition to this, ESA continued to work on LCA
and their methodology was refined to a point where
ESA managed to create the first set of LCA guidelines
for space systems which was released in 2016. The
guidelines follow ISO 14040/14044 standards, setting
out methodological rules on how to correctly perform
space-specific LCAs [8].

ESA are continuing to work on LCA and have also
recently proposed a new study called GreenSat which
has an objective of using ecodesign principles in order
to reduce the environmental impacts of a space mission
by 50% on at least three environmental impact
categories without increasing the score of any others
[9].

However despite ESA taking the leading role, many
other organisations and institutions have been
contributing to the LCA remit within the space sector in
recent years. For example, Politecnico di Milano, the
University of Southampton and Deloitte Sustainability
in addition to Airbus Sanfran Launchers and the
University of Bordeaux are actively looking at
integrating space debris and orbital space use as a life
cycle impact assessment method for space missions.
CNES and Airbus Sanfran Launchers have also
conducted independent studies on the Ariane 5 and
Ariane 6 launch vehicles respectively. Life cycle studies
have also been conducted by researchers at the
University of Texas on environmental impacts of
launchers in the USA whilst the Eco-design Alliance for
Advanced Technologies initiated a study to investigate
and compare alternative space propellants.

2.3 LCA of a Space Mission

Any space-specific LCA study, whether at a system
level or component/equipment level, should comply
with the ISO 14040/14044 standards and the ESA Space
system LCA guidelines. As such, the LCA Framework
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outlined in Fig. 2 should be followed as closely as
possible when conducting a space-specific LCA.

The goal and scope should be defined by mission
requirements with crucial study-specific elements such
as the FU and system boundaries taken into
consideration when running the calculations. However
due to varying requirements and specifications of space
missions the FU can be hard to define. As such, ESA
suggest a simplified FU of ‘one space mission in
fulfilment of its requirements’ which can be applied to
multiple space systems [8]. After defining this,
consideration can be made to the study system. Using a
life cycle thinking approach similar to that displayed in
Fig 1, the life cycle of a space mission can be broken
down into mission phases. These are:
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e Phase A+B — Feasibility + Preliminary Definition

e Phase C+D — Detailed Definition + Qualification
and Production
Phase E1 — Launch and Commissioning
Phase E2 — Utilisation Phase

e  Phase F — Disposal

Within each of these phases, the space mission can
be broken down into 4 segments; space segment, launch
segment, ground segment and infrastructures. When
combining each of these segments across each stage, a
basic system boundary of a space mission is formed.
This system boundary should be followed as closely as
possible (depending on the study requirements). This
system boundary can be seen in Fig. 3 along with a
detailed breakdown of the life cycle steps involved
under each segment for each phase.
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LCI procedures require that input and output data is
calculated and applied. Such inputs and outputs can
normally be found within databases and processes of
LCA specific software. These are known as process
databases which are used to determine all flows within a
unit process. This is the recommended method of
conducting LCA according to ESA and is how their
ESA SPACE OPERA tool was created (ESA created
new and unique processes for a wide range of space
systems, materials, components and equipment with
relevant unit flows). The relevant processes applicable
to the product system need to be applied and updated by
the expert user to reflect the goal and scope of the study
and to quantify the intervention sizes.

The LCIA evaluation can also be conducted within
specific LCA software using LCIA methods. These
classify and characterise unit flows for selected impact
categories based on scientific methods. There are two
levels which these can exist on; midpoint and endpoint.
Midpoint indicators are a problem-oriented approach
used to translate impacts into environmental themes
such as climate change, ozone depletion, acidification,
human toxicity, etc. Endpoints are a damage-oriented
approach which translates environmental impacts into
issues of concern such as human health, natural
environment, and natural resources. As recommended in
the ESA Space systems LCA guidelines, midpoint
indicators should be used for space-specific LCA
studies. As such, a set of robust LCIA midpoint
methods should be selected which reflect the goal and
scope of the study. Examples of reliable methods
include sources such as the Intergovernmental Panel on
Climate  Change, the World Meteorological
Organization, CML, ReCiPe and USEtox. Within space-
specific LCA databases, new space-specific processes
should be created in such a way that all flows are
already classified, characterised and updated into the
LCIA methods to allow accurate and informative results
to be obtained (although further updating may be
required). In turn, this should allow for a simple
evaluation and interpretation of results for each impact
category.

Interpretation should be included within the
reporting which is a mandatory component of an LCA
study according to ISO 14040/14044 [4,5]. This can be
incorporated into iteration or phase design reports. In
addition to this, critical review is only required in case
of comparison which is not recommended for space
missions due to inherent differences in mission design
and goals.

3. Concurrent Engineering & Ecodesign
3.1 The Concurrent Design Process

Dating back to the 1980s, concurrent engineering is
a relatively new approach of product development

IAC-17-D1.4A9

where various design and manufacturing processes are
run in a simultaneous manner in order to decrease
product development time and the need for multiple
design reworks [10]. It is a system engineering
technique for design which is often achieved by
employing multidisciplinary groups to design products
in a collaborative and timely manner, leading to
improved productivity and reduced costs.

o=
o -
3=

Fig. 4. The Concurrent Design Process

A concurrent design session allows the complete
sharing of product data through simultaneous
interactions of different disciplines. This teamwork
allows consensus decisions to occur through active
participation of all players (including the customer).
There are five basic elements of concurrent design:

A facility

A multi-disciplinary team

A process

Software/hardware infrastructure
A design tool

Evidently a facility is required to host concurrent
design sessions. The room which this occurs in will
normally host a number of computers linked to a central
server as can be seen in Fig. 4. This room is commonly
referred to as a concurrent design facility (CDF). A
multi-disciplinary team will then need to be assembled
in order to facilitate the product design requirements
during the concurrent design process itself. The process
will occur over a number of days or weeks (depending
on the stage of product development) with breaks
between sessions to allow for design consolidation.
Domain specific software and hardware will also need
to be installed for each team member in order for them
to conduct calculations and analysis during design
sessions. Finally, a design tool is also required. This tool
will essentially act as a central server and facilitate the
sharing of information and data amongst participants.
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In the last couple of decades this approach has begun
to be adopted by the space sector during preliminary
system designs of space missions [11]. As such, various
space organisations have initiated work on the topic by
developing their own concurrent design facilities and
design tools. NASA created a tool called the Global
Integrated Design Environment within their mission
design facility called the Integrated Mission Design
Center [12]. However, ESA are held in high regard for
their work on concurrent design, having been working
on the topic since the 1990s and are continually
improving their concurrent design process for space
missions. Initially, ESA used the Integrated Design
Model as a data sharing platform during concurrent
engineering studies within their CDF at the European
Space Research and Technology Centre. However,
although the tool was capable of delivering satisfactory
outcomes for standard space missions, its flexibility for
non-standard missions was severely lacking [13]. For
this reason ESA launched an initiative to create a new
design model that would allow collaborative cross-
disciplinary work to be embedded from the embryonic
stages of any given mission.

The tool, named the Open Concurrent Design Tool
(OCDT), was released publically in 2014 and provides
the building blocks for concurrent engineering using
Open Standards Information Models and Reference
Data Libraries [14]. It works as a Microsoft Excel plug-
in for sharing mission design data and information by
allowing for domain specific data to be input to a central
server. This allows for a cross-disciplinary sharing of
data between disciplines by pushing and pulling data to
and from a central server. Using a set of specific
parameters means that other domain users can use data
from other disciplines within their own calculations.
However, the analysis and calculations for each
discipline should occur externally to the OCDT in a
separate tool as the OCDT is not a method of
calculation. Results are then transitioned to an Excel
worksheet and then uploaded to the OCDT server.

3.2 Integration of LCA into Concurrent Design Process
for Space Systems

As one of the primary purposes of LCA is to inform
decision makers of the environmental impacts of
products during product development, LCA should be
able to be utilised within a concurrent design session.
For this reason, ESA have recently started work on
methods of integrating LCA into the concurrent design
process which has led to the development of an entirely
new discipline called Ecodesign during the design of
space missions [15]. This discipline is a method of
product design whereby environmental considerations
are taken into account for the entire life cycle of a
product.
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Integrating LCA into the concurrent design process
for space systems was first investigated by Chanoine et
al [16] who suggested that this could be done by
interfacing a space-specific Ecodesign tool (such as
SPACE OPERA) with the OCDT during concurrent
design sessions (see Fig. 5).

Open Concurrent Design
Tool Restitution to OCDT

database

Data input by User
(e.g. System Engineer)

] |

| Mission-Specific

Environmental results

4+

design data

) 4

&Calculatlon engine

(Evaluation of
environmental impacts) Alroady
Implemented,
Updated by
Expert User

Already
Implemented,
Updated by
Expert User

Fig. 5. Connecting LCA with the OCDT (Adapted) [16]

This is similar to how other disciplines interface
with the OCDT during concurrent design. As shown in
Fig. 5, other disciplines provide a range of mission-
specific design data as inputs and outputs to the OCDT.
The Ecodesign tool can then use this data to calculate
the environmental results of the mission and/or sub-
system. To do this, LCI databases will be required
containing a range of background inventories (both
space-specific and generic) which can be used as part of
calculation procedures. This should already be
implemented as part of the Ecodesign tool along with
LCIA methods to generate the results. The expert user
would then merely input mission-specific data into the
calculation engine along with any other generic data to
generate the environmental results. These results should
then be fed back into the OCDT so that other domain
users can view the results and alter design parameters
appropriately.

In accordance with ISO 14040/14044 and the ESA
Space systems LCA guidelines, everything which is
calculated should refer back to the goal and scope of the
study which should be set prior to the concurrent design
iteration during mission requirements. The tool should
therefore calculate the entire system boundary for each
phase across all four segments (see Section 2.3).

Using this process, ESA are now at a point where
LCA is beginning to be integrated into the concurrent
design process. They plan to use the SPACE OPERA
tool on a number of CDF studies in order to test its
integration within a concurrent design session. To date
only one study of this nature has taken place, occurring
in May 2017 for a Phase O space mission design. This
was the High Accuracy Telescope for elephant Herd
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Investigation (HATHI) study, a mission tasked with
remotely tracking African elephants, run as part of the
ESA Concurrent Engineering Workshop. The HATHI
mission was the first space-specific CDF study to
include the EcoDesign discipline which was executed
by the corresponding author of this paper. However
during this process it became apparent that there were
several problems with its integration which ESA are
now working to resolve. These issues are discussed
fully in Section 3.3.

Despite this, the integration of LCA into the
concurrent design process is an essential development
for the space sector if the environmental impacts of
space systems are to be reduced. As shown in Fig. 6,
this is because adverse environmental impacts are easier
to modify the earlier into the design process that they
are identified. In addition to this, it is also essential that
LCA within the broader space sector is developed in
line with the LCA sector to give parity across the
industries.

J 5
T | s— Time
b B3
Environmental performance should also be
assessed throughout the mission’s design, in
order to guide further design choices towards
more i friendly i

Fig. 6. Ecodesign Process for Spacé?\/[issions [f6]

S
Most of the environnemental impacts are set by
early design choices. Eco-design should be
initiated as early as possible in the design
process.

3.3 Issues Relating to Space-Specific Ecodesign

The novelty of space-specific Ecodesign has meant
that there has been very little evidence to base how well
LCA can be integrated within a concurrent design
session. Theoretically, the process of integrating LCA
into the concurrent design process of a space mission is
rather simple. However from the issues encountered
during the concurrent design session of the HATHI
mission, it was clear that the integration of LCA needs
to be refined.

The HATHI study showed the lack of understanding
with respect to LCA amongst CDF experts, particularly
concerning its functionality within a CDF environment.
The OCDT itself does not have specific parameters or
units of measurement suitable to host LCA results and
as such, LCA results could not be fed back into the
OCDT (as suggested in Fig. 3). Instead it was suggested
that these results be communicated at the end of each
iteration. Evidently this has ramifications with respect to
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the timely manner in which impacts are communicated
and the possible modification of design.

Aside from these issues, there were also numerous
other problems with the functionality of the SPACE
OPERA tool itself. The HATHI study was conducted in
Redu, Belgium and was the first time that ESA’s
Ecodesign tool had been used outside of ESTEC and
this lead to the emergence of technical issues related to
the central server. In particular, the use of the tool in
Redu caused the ESTEC server to shut down. Moreover,
as all the formulas are connected to the CDF at Redu,
this meant that the production and assembly of the space
segment could not be calculated. Therefore, a major part
of the mission’s impacts were omitted from the results.
Also, the tool would not export results in excel meaning
that restitution of results to the OCDT would have been
more difficult if this approach had been used.

Finally, the results themselves lack specificity in
result breakdown. This was because the results were not
broken down past phase categories meaning that
individual processes or materials could not be
investigated. Additionally there was an apparent lack of
in-space operations and end of life datasets.

In view of the issues outlined, it is clear that there is
a distinct need to address these problems whilst
expanding LCA development in the space sector more
widely. Additionally, although there are plans to
disseminated it more widely in the future, as of yet the
SPACE OPERA is not yet open source meaning access
to LCA databases is severely restricted for the wider
space community. For this reason, a new database was
constructed at the University of Strathclyde to address
these problems by creating a tool that works regardless
of location, can export results as excel and break results
down past phase categories whilst also addressing in-
space and end of life impacts. As an end goal, the SSSD
should be able to function within a concurrent design
session meaning that its functionality with the OCDT
will also be addressed, with particular emphasis of
restitution of results.

4. The Strathclyde Space Systems Database

4.1 An overview of the SSSD

The Strathclyde Space Systems Database (SSSD) is
a space-specific process database capable of
determining the life cycle impacts of a variety of space
systems. The main aim of the SSSD is to improve upon
space LCA methodology by providing a robust open-
source LCA platform which can be integrated into the
concurrent design process. It should be noted that it is
by no means the intention to compete with or replicate
the SPACE OPERA tool created at ESA. Instead, the
SSSD should help to bridge the gap between the current
lack of widely available LCA software for space
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systems and the SPACE OPERA tool being more
widely disseminated.

As such, the SSSD should contribute to and advance
the development of LCA within the space sector by
creating a new LCA database which is capable of being
integrated into the concurrent design process of a space
mission. To do this, the SSSD is being offered as an
alternative open-source database with the intention of
becoming part of the Strathclyde Design and
Optimisation Toolbox available at the University of
Strathclyde.

This toolbox is also linked with the Space Systems
Toolbox at the University of Strathclyde where together,
their purpose is to support design automation of
complex space systems using one or multiple
performance criteria. The optimisation and space
systems toolboxes are part of the Strathclyde
Mechanical and Aerospace Research Toolbox
(SMART) that supports all Concurrent Engineering
activities. Thereby the LCA tool fits into SMART and
contributes to evaluate how green space systems are. In
turn, this facilitates evaluations of a variety of space
systems and the development of next generation green
space systems.

4.2 Methodology

It is important to note that currently the database is
still under development with processes being built up.
However, data used for building these space-specific
processes have been obtained from a variety of sources
including experimentation, analysis, research and work
conducted at the University of Strathclyde. Other
sources include literature reviews, LCA databases,
collaboration between various space organisations and
entities and expert input. It utilises openLCA as the
platform to host the database which is an open source
software used for life cycle assessment studies. The
database has been built within this software as a
ZOLCA file.

The SSSD has been built to conform to the ISO
14040/14044 standards at all times and follow the ESA
guidelines as closely as possible with the view of
improving the methodology used. As such, this allows
LCA studies of various space systems to be conducted
in a similar manner to the method described in Section
2.3.

Although the goal and scope should be defined by
mission requirements, the processes built within the
SSSD cover all four mission segments across each
phase. This allows the user to select exactly what the
system boundary should contain and choose processes
to include within the product system accordingly.
Additionally, the FU is automatically set to ‘one space
mission in fulfilment of its requirements’ assuming that
the LCA results are run for Mission Level (Level 1).
This can be changed depending on mission
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requirements but may require further calculation
through parameters depending on what FU is used.

The LCI has been built on top of European Life
Cycle Database (ELCD) and Ecoinvent processes which
are purpose built background inventories. This means
that data could be collected and other processes built for
the specific space systems while using these databases
for the background (i.e. data for metal production,
electricity consumption, travel, etc.). As such, space-
specific processes were created by integrating custom-
made flows with flows from these two databases. By
coupling these new processes with specific ELCD and
Ecoinvent processes, a tier-style approach was created.
As such, the platform contains 5 levels for calculation
which are split into different folders. These are:

e Level 1 — Mission Level

e Level 2 — Mission Phase Level

e Level 3 — Mission Sub-Phase Level
e Level 4 — Singular Activity Level

e Level 5 — Background Inventories

Whilst Level 5 contains the ELCD and Ecoinvent
databases as background inventories, it also contains the
SSSD background database which has separate folders
for each mission segment containing a variety of
relevant processes. This tier can be seen as a standalone
level, providing singular processes which can be used in
Level 4 processes (i.e. electricity consumption in
Europe). Level 4 contains individual activities taken
from the background inventories. The products flows
from these are then taken and used with Level 3
processes which groups these individual activities into
mission phase categories similar to the life cycle steps
shown in Fig 3. Similarly, Level 2 takes the Level 3
outputs and groups them into mission phases whilst
Level 1 groups everything for the whole mission. A
more detailed breakdown of this can be seen in
Appendix 1.

With these generic processes already created, it
means that users merely need to gather space-specific
and generic data to input into these processes. Each
process has been created to determine a singular unit of
output. For this reason, users need to input data into the
processes at Level 3 to define the quantity of these
individual activities flows. Level 1 and 2 will then
automatically calculate the mission impacts (although
the spacecraft mass will need to be identified in Level
1).

The LCIA has been applied using CML, IPCC,
ReCiPe and USEtox as LCIA methods for the midpoint
impact categories displayed in Table 1. The selected
impact categories, indicators and characterisation
models closely resemble those used by ESA within their
SPACE OPERA Ecodesign tool.
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Table 1. SSSD Impact Categories

Impact Category Unit Source
Acidification kg SO, eq. CML
Climate Change kg CO; eq. IPCC
Eutrophication - Freshwater kg P eq. ReCiPe
Eutrophication - Marine kg N eq. ReCiPe
Ionising Radiation kg U-235 eq. ReCiPe
Ozone Depletion kg CFC-11eq. CML
Particulate Matter Formation kg PM10 eq. ReCiPe
Photochemical Oxidation kg NMVOC ReCiPe
Resource Depletion - Fossil M fossil CML
Resource Depletion - Mineral kg Sb eq. CML
Toxicity - Freshwater Aquatic ~PAF.m>.day USEtox
Toxicity - Human cases USEtox
Toxicity - Marine kg 1,4 DB eq. CML
Water Consumption m’ ReCiPe

These categories were intentionally chosen to
comprise of a wide range of potential environmental
impact areas and are considered to be representative of a
space mission. Besides these, a further three impact
categories are under development or are intended to be
incorporated into the database including noise pollution,
orbital volume depletion and collision cascading
potential.

Each of these impact categories sources already have
flows classified into the relevant impact categories with
characterisation factors included within the LCIA
method. However, new space-specific process which
created new flows were classified into the relevant
impact categories and a new characterisation factor
created based on scientific methods dependent on the
flow type. As shown in Equation 1, characterisation of a
substance can be calculated using the following formula
which allows the impact category result to be a single
unit:

Ro= ) CE. - m, 0
5

Where IR, is the indicator result for impact category
¢, CF¢ is the characterisation factor that connects
intervention s with impact category ¢, and ms is the size
of intervention s.

Once the LCI data has been input to the relevant
processes, a product system can then be created within
openLCA using the Level 1 process for the whole
mission. The mass of the space system under study
should be inserted and then the LCIA results can be
calculated. This allows the user to view the total impact
category results for the entire space system and also
allows an in-depth breakdown of results as a percentage
per impact category across each level.

The interpretation would usually be completed at the
end of design reporting. However, this can also be done
within the openLCA software after the results of the
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product system had been calculated by creating a new
project.

4.3 Towards Life Cycle Sustainability Assessment

Due to the explosion of LCA activity in recent years,
there have been numerous proposals to advance its
methodology, including a move from the traditional
form of LCA to a more encompassing Life Cycle
Sustainability Assessment (LCSA) [17]. In addition to
environmental impacts, this type of assessment also
captures social and economic impacts in order to come
to the traditional ‘three pillar' interpretation of
sustainability for products.

This move towards LCSA is a secondary goal of the
SSSD and allows an assessment to be made on social
and economic issues for space systems. As LCSA is
considered to be the future of LCA by the
environmental management sector, including such an
assessment within the SSSD seems like the next logical
step for space-specific LCA. As such, the SSSD has
been built so that it is capable of running independent
LCA, Social Life Cycle Assessment (SLCA) and Life
Cycle Costing (LCC) studies.

The SSSD SLCA calculates a range of social issues
across all life cycle phases and is based on SLCA
guidelines produced by the United Nations Environment
Programme (UNEP) and the Society of Environmental
Toxicology and Chemistry (SETAC) in addition to their
LCSA guidelines [18,19]. It uses their suggested
impact/stakeholder categories and subcategories (see
Table 2) and carefully selected individual stakeholder
subcategory indicators which have been developed
based on space-specific data where possible.

Table 2. SLCA Stakeholder Categories and
Subcategories [18]

| Freedom of Association and Collective Bargaining
Child Labour
Fair Salary
‘Working Hours
Stakeholder “worker” Fo Vi

Equal opportunities/Discrimination
Health and Safety
| Social Benefits/Social Security

Health & Safety
Feedback Mechanism
Consumer Privacy
Transparency

End of life responsibility

Stakeholder “consumer”

| Access to material resources
Access to immaterial resources
Delocalization and Migration
Cultural Heritage

“local i Safe & healthy living conditions

Respect of indigenous rights

[ Community engagement
Local employment
Secure living conditions

Public commitments to sustainability issues
Contribution to economic development
Prevention & mitigation of armed conflicts
Technology development

Corruption

Stakeholder “society”

Fair competition
Promoting social responsibility
Supplier relationships

| Respect of intellectual property rights

Value chain actors* not
including consumers
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The indicators have been created as social indicators
within the SSSD which can then be added to the
processes at Level 2 as flows. Within each of these
indicators lies a suggested evaluation scheme which is
based on space-specific data where possible. However,
users are advised that the evaluation schemes are merely
suggestions and are not intended to accurately represent
a variety of different geographical regions,
organisations or stages along the supply chain. It is
recommended that users consider these kinds of variants
in order to determine the most representative evaluation
scheme. In addition, although international criteria were
used where ever possible, SSSD social indicators
primarily concentrate on European and UK based
evaluation criteria.

Each evaluation scheme is based on reference data
so when basing LCI results against the evaluation
scheme, a social risk factor can be obtained. For
example, an indicator for the subcategory of
‘Contribution to Economic Development’ is ‘Percentage
of Spending on Education Opportunities’ which uses
NASA data for percentage of the annual budget which
is dedicated to education. The evaluation scheme then
uses uniformed intervals to gauge the risk factors
between the amount spent and nothing being spent.

The Risk Factors are determined by comparing the
LCI results against a suggested evaluation scheme
contained within each indicators general description.
The evaluation scheme puts the LCI result into bands
and these bands are attributed a risk factor and score (of
between 0 and 100) which are:

No risk (0)

Very low risk (20)
Low risk (40)
Medium risk (60)
High risk (80)

Very high risk (100)

As shown in Equation 2, through the use of the
appropriate risk factor, the impact category result can be
calculated to a single score:

RE,
fRFZ—f e @)
= x5 c

Where IR, is the indicator result for impact category
¢, RFems is the risk factor obtained from evaluation
scheme e for the size of intervention s, Iy is the total
number of interventions contained within Stakeholder
Subcategory x containing intervention s, and SS. is the
total number of Stakeholder Subcategories contained
within impact category c.

Additionally, these impact category results can be
used to reach a single score for the entire social impact
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by dividing the result of each impact category by the
number of impact categories and totalling these.

The SSSD LCC calculates all costs associated with
space systems. It splits monetary flows into costs and
revenues across all life cycle phases for a variety of
impact categories. These flows can then be input into
the processes at Level 2. The flows used all come under
impact categories which are based on the life cycle steps
included in the ESA system boundary (see Fig. 3).

For this reason, LCC is much simpler to calculate
and is represented by Equation 3:

.FREZ ZTRES.— Tlfm. 3)
2

Where IR. is the indicator result for impact category
¢, TR is the total returns that connects intervention s to
impact category ¢, and TC. is the total costs that
connects intervention s to impact category c.

Unlike LCA and SLCA, characterisation or risk
factors are not needed because all the results are in a
single unitary value. This means that by totalling all
impact categories, the LCC result is easily calculated.

However, if combining these assessments to reach a
LCSA, presenting results of three separate assessments
can be rather tedious. For this reason, the SSSD has
been built to combine all three into a singular
assessment. To do this, a single score should be
generated for SLCA and LCC. This is straightforward
as each assessment type has common values (i.e. SLCA
is based on a risk assessment score between 0 and 100
and LCC is based on a monetary value). These can then
be used as individual impact categories within the LCIA
phase of LCA.

4.4 Integration of the SSSD into the Concurrent Design
Process

Once the LCIA has been calculated, the impact
category results (including SLCA and LCC as single
score impact category results) can then be shared. The
SSSD has specifically used openLCA to host the
platform and been designed in such a way to make the
transition into concurrent design as smooth as possible.
This is done by interfacing the database with the OCDT.
The SSSD has been built so that it capable of generating
life cycle results within a product design scenario or
more generally. The SSSD can be run independently of
concurrent design studies, but also has the capability to
act as a plug-in to the OCDT in order to simply
exchange information. In this regard, all calculations
occur outside of the OCDT and numbers are simply
inserted into the OCDT server. The added advantage of
using openLLCA is that the software has an option of
exporting results of a completed product system in
Microsoft Excel format. This makes inserting these
numbers into the OCDT straightforward.
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However as identified in Section 3.3, one of the
major problems of connecting Ecodesign and the OCDT
was the OCDT’s lack of functionality concerning its
ability to handle LCA data. As the University of
Strathclyde has its own CDF called the ‘Concurrent and
Collaborative Design Studio’ where the OCDT has been
installed to the central server, these problems could be
addressed.

Within the OCDT server, LCA parameters have
been created for the LCA impact categories which have
all been assigned the applicable units of measurements
as identified in Table 1. This means that a range of
parameters can be added under the Ecodesign discipline
for the space system under study. As the LCIA results
of the SSSD allow for a detailed breakdown of indicator
results for each SSSD platform level, these results could
be attributed to the entire mission, mission phases or
individual subsystems (depending on the level of study
specificity required).

Due to novelty of the Ecodesign discipline, a new

Microsoft Excel workbook required to be created that
links with the OCDT server for the pushing and pulling
of data. This new workbook was created based on
Microsoft Excel file of LCIA results which can be
exported through openLCA. This makes the exchange
of data between the openLCA output file and workbook
simpler and allows for a direct copy of output results
which can then be integrated into the OCDT.
In addition to integrating the tool with the OCDT, the
SSSD has an added benefit of being flexible enough to
integrate with other tools within the University of
Strathclyde’s Optimisation Toolbox. This means that
the tool does not necessarily need to be part of a mission
design setup to function as it can contribute to the
optimisation of one or more space system components
in order to satisfy a list of potential technical and system
requirements.

5. Discussion

5.1 Evaluation

The SSSD offers a preliminary LCA tool for space
systems to the wider space community which can be
built upon to become a robust technique for calculating
life cycle impacts of space-specific products. It is
capable of being integrated into the concurrent design
process in order to determine the environmental, social
and economic impacts of the next generation of green
space systems. Whilst the platform is still considered as
being under development, there are numerous pros and
cons which can already be observed.

The main advantage is the functionality of the SSSD
as an open-source LCA database for space systems.
However, as all the calculations are contained within the
database itself as a ZOLCA file, it means that the tool
will work regardless of location and is able to export
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results as a Microsoft Excel file, breaking them down
past phase categories. The SSSD is also in the process
of including in-space and end of life impacts (such as
impacts of orbital decay, platform erosion, space debris
and re-entry). The database’s inclusion of LCSA also
gives the SSSD more depth and showcases how a
sustainability assessment can be reached rather than
purely an environmental one. This helps to expand LCA
within the space sector to be more in line with LCA
development of the environmental management sector.

The SSSD’s ability to function both within a
concurrent design session and with the OCDT is also
fundamentally important with regard to the restitution of
results. The tier-based system has an added advantage
of allowing the user to change data inputs or outputs of
processes at lower levels to assess how this impacts
results at higher levels. It also allows the user to
generate results for predefined parts of the entire
product system, including components and equipment.
Using this within a CDF environment allows users to go
deeper with results analysis and communicate results in
real time rather than at the end of each design iteration.

Without question, the ability to create such a
platform is extremely challenging and time consuming.
In this regard, one of the greatest obstacles to be
overcome is that space mission designs are often unique
and often involve unique materials and processes.
Additionally, there has been very little research
conducted into the environmental impacts of certain
aspects (such as launch or re-entry). This makes
gathering data extremely difficult and means that there
are inherent uncertainties involved with any processes
created. With a common need for massive production
cycles across a variety of space systems, hundreds of
different processes are required each with their own
associated inputs and outputs. This means that it would
be impossible for every process to be wholly completed
with 100% accuracy. This is primarily due to lack of
data and time restrictions which may sometimes lead to
the requirement of generalisation for certain processes
which may mean that some impacts are overlooked.
However, processes where this occurs will still give a
good enough result using averaged data of guestimates
so that it does not need to be completely scoped out of
the study.

It is clear that there is still a long way to go before
LCA is fully integrated and becomes a standard design
subsystem within the concurrent engineering process of
space systems. An appropriate first step to achieving
this may be to build up a working knowledge of LCA
amongst CDF experts. Demonstrating the integration of
LCA to the OCDT may allow for the Ecodesign
discipline to be streamlined and gradually introduced as
a mandatory discipline within space mission design.
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5.2 SSSD Motives & Expected Outcomes

The SSSD was built to streamline integration of
LCA into concurrent design sessions which can be used
as part of SMART for use within future CDF studies. In
doing this, the SSSD facilitates technological
development and helps cut costs by creating a platform
to calculate life cycle results for space systems as part of
the overall design process.

Additionally, use of this tool may also create a
competitive advantage with increasing demands for
green products, whilst also allowing organisations to
comply with current and future legislation. As such, it is
hoped that the tool will contribute to the global
environmental sustainability agenda.

5.3 Next Steps

Whilst the platform will continue to be built up over
the next couple of years, the first results are expected to
be generated by early 2018. However the derived results
will not be considered for dissemination before the
SSSD’s capabilities have been closely examined. As
such the next step is now to compare the results of
another similar space-specific LCA calculation tool with
those of the SSSD for an identical mission. Although
comparative assessments for space missions are usually
not advised, this will allow for large variances and
problem areas to be identified and closely investigated
within both tools. As such, the inclusion of uncertainty

Appendix A (Breakdown of SSSD Processes)

analysis will be pursued in the near future. Evidently the
best option for this comparative assessment is ESA’s
SPACE OPERA tool and as such it is hoped that the
University of Strathclyde and ESA’s Clean Space
Initiative will continue to work in close collaboration on
this topic in the future.

6. Conclusions

This paper has presented an open-source LCA
platform currently under development at the University
of Strathclyde. It has shown how the database can be
used to calculate the life cycle impacts of space systems
and be integrated within the concurrent design process
of next generation green space systems. It is hoped that
the SSSD will be released widely by mid-to-late 2019
where the tool will contribute to the global sustainability
agenda by assisting in creating a more sustainable world
through the mitigation of adverse environmental
impacts of space programmes and activities during the
design process.
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Level1l | Level 2 Level 3 Level 4 Level 5
Phase Office Work Energy; Heating; Resource Use
A+B Travel Fuel Consumption
Office Work Energy; Heating; Resource Use
Phase Travel Fuel Consumption
C+D Space Segment Critical Elements & Engineering Models; Production
of Spacecraft Components*; Qualification & testing;
Assembly, Integration & Testing
Launcher Activities Production of Launcher Components*; Production of ELCD
Whole . . .
Mission Propellgnt & Pressurant; Stage Assembly; Launch Ecoinvent
Phase E1 Campaign & Event SSSD
Spacecraft Activities Launch Campaign
Travel Fuel Consumption
LEOP & Commissioning Energy; Heating; Resource Use
Phase E2 | Routine Energy; Heating; Resource Use
Spacecraft Activities Orbital Activities
Phase End of Life Re-entry; Mass disposed in space, Mass disposed in
F ocean

*All “components” are individual processes (i.e. “Solar Array Production”) which use data contained within Level 5

processes.
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