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The transition to a low-carbon and resource-efficient circular economy is a political pillar of the EU and

a priority for space agencies. Indeed, the space industry is pursuing sustainable development practices to

reduce the environmental impacts. Life Cycle Assessment (LCA) is internationally recognized as the most

appropriate methodology to estimate the environmental impacts of products, processes, and services

and to evaluate the effectiveness of sustainability strategies related to reducing these negative

externalities. To support the European Space Agency (ESA) in the process of planning more sustainable

eco-design solutions, the objective of this paper is the development of a cradle-to-grave screening LCA

study to assess the environmental impacts concerning the ESA's ground-based satellite tracking system

based in New Norcia (AU) along its entire life cycle, including the tracking antenna and the photovoltaic

panels. This scenario has been compared with 2 other scenarios to verify whether the use of

photovoltaic panels has a benefit in terms of environmental impact (scenario A) and to understand the

consequences in changing the location of the station, from New Norcia to Cebreros (E) by considering

the change in the national energy mix from the Australian to the Spanish (scenario B). This study is one

of the first attempts to apply the LCA methodology to the space sector, and its results, conducted

according to ISO 14040/44 2021 guidelines and by means of the ReCiPe calculation method (2016), will

be exploited by the ESA to plan a more sustainable eco-design for the construction of future space

tracking stations.
Environmental signicance

The transition to a low-carbon and resource-efficient circular economy is now a priority for many European countries and a political pillar of the European
Union. Over the last decade, the space sector has shown a lack of commitment to reducing environmental impacts, and only recently space agencies have begun
to implement a wide range of programs for the achievement of the Sustainable Development Goals (SDGs) and adaptation to sustainability standards. This study
is one of the rst attempts to apply the LCAmethodology to the space sector, and its results will be exploited by the ESA to plan more sustainable eco-designs for
the construction of future space tracking stations. Specically, the objective of this paper is to support the European Space Agency in the assessment of the
environmental impacts caused by ESA's space-tracking station based in New Norcia (AU) by developing a cradle-to-grave screening Life Cycle Assessment (LCA)
study. The above-mentioned topic is in line with the aim of the journal Sustainable Production and Consumption, which states that all papers should include
some elements of life cycle thinking and should clearly demonstrate that they are addressing topics related to sustainable production and consumption,
specically on the points: life cycle management and life cycle thinking.
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1 Introduction

The transition to a low-carbon and resource-efficient circular
economy is now a priority for many European countries and
a political pillar of the European Union as well.1 From
a perspective of sustainable development, eco-design is crucial
to promote green technologies, to understand how much space
activities pollute, to recognize alternatives to reduce the envi-
ronmental impacts and to identify different processes or tech-
nologies that can be used to reduce these negative externalities.2

To assess the environmental impacts of each space project, it is
important to assess emissions and consumed resources over
a mission's life cycle.3,4 To this end, ESA is experimenting eco-
© 2025 The Author(s). Published by the Royal Society of Chemistry
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design activities (i.e., new technologies), intending to mitigate
the environmental impacts of space missions and ground
infrastructure by designing missions in a more environmentally
friendly way, without compromising the performances of space
missions.4,5 Therefore, intending to support the identication
of technologies that have this lower environmental impact and
maximise the benets for the environment, various players in
the space industry, including the ESA, have begun to adopt the
methodology concerning the life cycle assessment (LCA).2,6–8

The objective of this paper is to support the European Space
Agency in the assessment of the environmental impacts caused
by ESA's space-tracking station based in New Norcia (AU) by
developing a cradle-to-grave screening Life Cycle Assessment
(LCA) study. This study is one of the rst attempts to apply the
LCA methodology to the space sector, and its results will be
exploited by the ESA to plan more sustainable eco-design for the
construction of future space tracking stations.
1.1 Literature review

Over the last decade, the space sector has shown a lack of
commitment to reducing environmental impacts. Nowadays,
however, it is no longer possible to accept that emissions and
other environmental impacts associated which space activities
are not properly accounted for and reduced. Accordingly, space
agencies have begun to implement a wide range of programs for
the achievement of Sustainable Development Goals (SDGs) and
adaptation to sustainability standards.8–15 Specically, in 2019,
the member states of the United Nations Committee for the
Peaceful Uses of Outer Space (UN COPUOS) reached an agree-
ment through the stipulation of a series of guidelines for the
long-term sustainability of space applications to reduce their
environmental impacts.8,15 Following the indications provided
in these agreements and to cope with the increase in space
activities and the growing number of stakeholders in this
sector, it has been possible to develop and promote technolo-
gies that minimize environmental impacts and maximize the
use of renewable resources.8
2 Materials and methods
2.1 New Norcia European Space Tracking (ESTRACK) ground
station

The ESA's tracking station network (ESTRACK) is a global
system of ground station sites, established in 1975 for the
International Ultraviolet Explorer mission and located in
different places around the world that provides links between
the European Space Operations Centre (ESOC) in Darmstadt
(Germany) and the ESA satellites with the aim of maximizing
the observable area of space.16–19 The ESTRACK stations and
their associated site infrastructure have different functions
depending on the antenna available, and for this circumstance
each station can participate in a particular type of space
mission.20 To face the expected rapid increase in the number of
interplanetary missions, the ESA has started building more
deep-space antennas.18 The deep-space tracking network, being
part of the ESTRACK core network, consists of a set of three 35
© 2025 The Author(s). Published by the Royal Society of Chemistry
meter-class ground stations that are suitable for a wide range of
missions, such as, e.g., (I) interplanetary missions, (II) space
astronomy activities, (III) solar observation and (IV) lunar
exploration.17–20 Each station has one or more antenna termi-
nals which include a satellite dish and related radio signal
processing equipment.18,19 The signals received from space
stations gather radiometric data that help mission controllers
to collect specic information, such as, e.g., the location,
trajectory, and velocity of their spacecra as well as atmospheric
and meteorological data.18,19 Specically, the ESA began
acquiring a rst deep-space antenna in New Norcia composed
of two terminals, New Norcia – 1 (NNO-1), built in 2001, and
New Norcia – 2 (NNO-2), built later in 2015, both located at 126
kilometres North of Perth in Western Australia.17,20,21 In this
paper, the Australian NNO-1 antenna will be the focus of the
assessment, while data from the Spanish stations Cebreros and
Malargüe (two stations of similar composition and use to the
Australian NNO-1 antenna) will also be used in case primary
data for the station located in New Norcia are missing.

The antenna used in the three locations mentioned above is
a Cassegrain beam wave guide antenna,17 a parabolic antenna
where the feed antenna is mounted behind the surface of the
concave main parabolic reector dish and is aimed at a smaller
convex secondary reector suspended in front of the primary
reector.22 The antenna is tted with a shaped 35 meter para-
bolic main reector and a shaped hyperbolic sub-reector in an
elevation over an azimuth mount.17,21 Furthermore, the New
Norcia station has a power plant designed to supply a reliable
electricity source to all power units. The latter provides a short-
break (SB) power supply using diesel generators and a no-break
(NB) power supply using static converters and batteries. The
diesel generators supply each with 520 kW within 1–2 minutes
aer public power failure. In addition, two modular converters
supply each 300 kW, the latter can be extended to 480 kW, and
the battery capacity allows for a maximum bridging time of 6
minutes, sufficient time for the possible short of a diesel
generator.20 A control centre adjacent to the terminal manages
all operational functions. At this centre, there are emergency
re management systems as well, which include rainwater
collection tanks that are treated with active coal and UV for
human consumption and emergency use. The total storage
capacity is approximately 340 m3 collected from about 700m2 of
the roof surface. Furthermore, as of 2017, the New Norcia
station is being powered in part by sunlight, by employing the
installed photovoltaic panels arranged in ve double rows.19
2.2 Organization of the study

The objective of this study is to perform an LCA study following
ISO 14044/2021 for the New Norcia – 1 (NNO-1) station
composed of the “terminal”, the “power plant”, and the
“photovoltaic panels”. The notion “terminal” denotes the
antenna and all associated signal processing equipment (see
Fig. 1). While the “power plant” is composed of main and
backup power systems, i.e. the diesel generators, the batteries,
and the modular UPS transformers. Low voltage panels (i.e.,
mostly copper bars and metallic cabinets with circuit breakers)
Environ. Sci.: Adv., 2025, 4, 432–446 | 433
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Fig. 1 New Norcia 35 m terminal.

Environmental Science: Advances Paper

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 0

6 
N

ov
em

be
r 

20
24

. D
ow

nl
oa

de
d 

on
 1

0/
24

/2
02

5 
1:

48
:1

1 
PM

. 
 T

hi
s 

ar
tic

le
 is

 li
ce

ns
ed

 u
nd

er
 a

 C
re

at
iv

e 
C

om
m

on
s 

A
ttr

ib
ut

io
n-

N
on

C
om

m
er

ci
al

 3
.0

 U
np

or
te

d 
L

ic
en

ce
.

View Article Online
were initially to be included in the study, but due to the lack of
specic data, it was decided to remove them from the assess-
ment. For the same reason, the “OPS building” operations
centre was also omitted from the study due to insufficient data.
Furthermore, in addition, for a benchmark analysis, other
different scenarios were compared both to verify whether the
use of photovoltaic panels had a benet in terms of environ-
mental impact (scenario A) and to understand the distribution
of the impacts in the change of the location of the station, from
New Norcia to Cebreros, specically in the change of the
national energy mix from the Australian to the Spanish one
(scenario B). The study was carried out using SimaPro soware
(version 9.3). Among the databases contained in the program, it
was decided to utilise Ecoinvent (version 3.8). When data from
a specic supplier are unknown, the Ecoinvent market process
has been used. For this circumstance, these market processes
include inputs from production in several countries or a single
country; in addition, inputs from transport processes are
included. Indeed, transformation processes contain all the
inputs for making a product or service, excluding transport
processes, and inputs from all the associated emissions and
resource extractions.
2.3 Functional unit and system boundaries

In an LCA study, all ows into and out of the system are allo-
cated according to the functional unit. The functional unit
chosen in this paper is one year of activity of the station, as can
be seen in Table 1. The station has a life cycle of about 50 years if
all maintenance is considered. The period of activity during
Table 1 Study information summary

Function
Functional unit
System boundaries
Life cycle

434 | Environ. Sci.: Adv., 2025, 4, 432–446
which the antenna communicates with a satellite is called
“pass”. On average, during 2020, there were 1142 passes, of
which 975 passes were during the operational phases, 17 passes
during tests and simulations and 150 passes under mainte-
nance periods. The choice of this functional unit is supported
by a review of scientic articles, which revealed that for ground
space-tracking infrastructure the most used functional unit is
precisely one year of operation of the station.8,9,23,24 Depending
on the objective of the study, the system boundaries delimit the
physical environments, operations, and production processes
to be considered. This LCA was carried out using a “cradle-to-
grave” approach, which means that all the processes used for
the functioning of the structure will be quantied, starting from
the acquisition of raw materials up to its end of life.
2.4 Inventory data

As introduced above, the New Norcia station is made up of
various components. Specically, Fig. 2 presents the owchart
of the case study under assessment, which provides informa-
tion on the materials and processes involved. For modelling the
scenario represented and summarized in the owchart, the ESA
provided primary data for:

� Emissions.
� Energy and fuel consumed during the construction of the

station.
� Fuel consumption.
� Life cycle of the antenna.
� Maintenance procedures.
�Mass, quantity and type of components for the power plant.
� Mass, quantity and type of components for the photovol-

taic plant.
�Mass, quantity and type of materials for the construction of

the antenna.
� Mode of transport, mileage and characteristics of the

vehicles used.
� Procedures for and characteristics of disposal.
� Voltage, supply and consumption of electricity.
� Water consumption.
Following general LCA cut-off rules, some components have

been considered not relevant for the study. The threshold of 1%
impact has been applied, which considering the very low
amounts of some of the involved processes caused their exclu-
sion from the assessment as reported below:

� Low voltage panels.
� Cooling machines.
� Operative station building (OPS) and its materials.
� Employee's water consumption.
All identied processes have been selected from the Ecoin-

vent 3.8 database, and the system model used is “cut-off”,
Transmitting and receiving signals to and from space
One year of station's activity; 1142 passes on average
Raw materials, assembly of the terminal, use phase & downstream
50 years with maintenance

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Fig. 2 Flow chart of NNO-1 used to model the LCA study.
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whose underlying philosophy is that a producer is fully
responsible for the disposal of the waste and that the latter
receives no credit for the supply of recyclable materials
(Ecoinvent, 2017 25). Furthermore, in the choice of the different
processes, the geographical reference of the data was also
considered since each activity present in Ecoinvent refers to
a specic geographical position. This can refer to the whole
world (GLO or RoW), a region made up of several countries (e.g.,
RER), a country (e.g., AU) or a smaller area (e.g., a province).
Whenever possible, the processes referring to Australia were
considered for this analysis, which is more suitable for repre-
senting the Australian context. Where not possible, the “global”
and “rest of the world” processes were considered. Moreover,
where possible the processes used were of the transformation
type, and only some exceptions were of the market type. For
more information about the different components used for the
study, please refer to the ESI S1.†
© 2025 The Author(s). Published by the Royal Society of Chemistry
In the next subsections, the different components of the
station evaluated within this LCA study ((i) “antenna”, (ii)
“power plant”, (iii) “photovoltaic plant”, (iv) “electricity
consumption and production”, (v) “fuel consumption”, (vi)
“maintenance” and (vii) “disposal”) will be described.

2.4.1 Antenna. The 35 m antenna of the New Norcia site
can be divided into three sections:

� Upper section (aluminium and steel): the main component
of the whole antenna due to its signal reception function.

� Middle section (concrete and steel): it has a support
function and acts as a counterweight to balance the entire
antenna.

� Lower section (concrete and steel): it has important sup-
porting and structural functions.

The quantities of the materials used for the antenna
construction, the distribution of its components in the three
sections and the information regarding their transport to the
site are summarized in Table 2.

Within this study, the impact related to the operation of the
building machines is also considered. Specically, ESA
managers have made it clear that 412280 kW h were consumed
in 2001 for the construction of the antenna, which is divided
into 3 time periods:

� Start of the work: from 12th December 2000 to 26th
February 2001, consumption: (44 kW h) × (65 working days) ×
(10 h) = 28 600 kW h.

� From 26th February 2001 to 17th July 2001, consumption:
(280 kW h) × (121 working days) × (10 h) = 338 800 kW h.

� End of the work: from 17th July 2001 to 13th November
2001, consumption: (44 kW h) × (102 working days) × (10 h) =
44 880 kW h.

These consumptions were subsequently divided over the
antenna's 50 years of life.

2.4.2 Power plant. The New Norcia's power plant site acts
both as a connection to the grid and as a backup in the event of
power failure from the main network and includes two diesel
generators, sixty LiFePO4 batteries and two modular UPS
converters. Due to the lack of information regarding the masses
of different materials included in such components, it was not
possible to create LCA processes with primary data. Instead, the
best corresponding items with the related masses have been
identied in the Ecoinvent 3.8 database with the support of
ESA's experts. Furthermore, due to the absence of data
regarding the nation of departure of LiFePO4 batteries, the
market process was selected on SimaPro instead of the trans-
formation process. The quantities of these components, their
characteristics, and the information regarding their transport
to the site are summarised in Table 3.

2.4.3 Photovoltaic plant. Eight hundred and twenty
photovoltaic panels arranged in ve double rows compose the
photovoltaic plant, contributing to the on-site production of
electricity equal to 35% of the total. The panels are mono-
crystalline. The quantities of these components, their charac-
teristics, and the information regarding their transport to the
site are summarised in Table 3.

2.4.4 Electricity consumption and production. The station
is supplied with electricity from the national grid, while about
Environ. Sci.: Adv., 2025, 4, 432–446 | 435
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Table 2 Antenna components and quantities

Sections Components Materials Amount Unit Nation of departure Departure site Arrival site Truck (km) Boat (km)

Upper Reector base Steel 120 t Estonia Tallinn New Norcia 126 23 800
Reector panels Aluminium 15 t United States Greenville New Norcia 686 24 700

Middle Structural components Steel 450 t Poland Kluczbork New Norcia 576 23 150
Structural components Concrete 150 t Australia Perth New Norcia 126 —
Counterweight Concrete 70 m3 Australia Perth New Norcia 126 —

Lower Structural components Concrete 1200 m3 Australia Perth New Norcia 126 —
Reinforcing components Steel 150 t Australia Perth New Norcia 126 —
Miscellaneous parts Steel 20 t Australia Perth New Norcia 126 —

Environmental Science: Advances Paper
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35% of the total is produced on site with photovoltaic panels in
the photovoltaic plant. The power received by the station from
the supplier is at 33 kV, but the transformers bring it down to
415 V for the operation of all facilities. For this study, the total
energy consumption in a period of 12 months (September 2017–
August 2018) equal to 1360 MW h year−1 was considered. This
was the only period with available data on energy consumption
for one entire year. Of this amount, the photovoltaic plant
produced 470 MW h year−1 over the same period. Consequen-
tially, only the difference (890 MW h year−1) was officially
purchased from the public electricity grid.

2.4.5 Fuel consumption. Through the backup system, the
station can cope with sudden blackouts of electricity from the
grid. Therefore, fuel is purchased to power the diesel generators
and is transported by trucks from Perth to New Norcia. The
diesel fuel consumption of the diesel generators is on average
10 000 litres per year.

2.4.6 Maintenance. Maintenance of all components is
essential for maintaining their functionality and ensuring
optimal performance. Maintenance mostly includes checking
the functions, cleaning parts, and re-adjustment operations.
However, the following components are replaced during the
entire life cycle of the station:

� LiFePO4 batteries are replaced every 10 years.
� Modular UPS transformers are replaced every 20 years.
� The photovoltaic panels are replaced every 25 years.
Furthermore, lubricating gearbox oil is used to allow normal

operation of the antenna rotation and movement machinery.
The average consumption of this lubricating oil is 50 L year−1.

2.4.7 Disposal. The end-of-life assumptions were suggested
directly by the ESA based on the recent disposal of a smaller
Table 3 Power and photovoltaic plant components and values

Components Amount (power)
Unit
(power)

Nation
depar

Diesel generators 520 kW Germ

Modular UPS
transformers

300 (if necessary, it can be
extended to 480)

kW Austra

LiFePO4 batteries — — —

Photovoltaic panels 470 MW h−1

year−1
South

436 | Environ. Sci.: Adv., 2025, 4, 432–446
antenna. Indeed, in December 2015, a 16 meter antenna based
in Perth was decommissioned and sold to the Portuguese
government.26 Then, the reector was dismantled into pieces
and shipped over to the Azores where it was rebuilt. The elec-
tronic equipment was also removed and shipped over. The
concrete structure was scrapped, while the ground was restored
to its original condition. The company that demolished the
pedestal separated the steel from the concrete, and both were
recycled. A crushing machine separated the concrete, and the
resulting concrete pieces were used as substructure for roads
and other constructions. Therefore, also in this case study, most
of the materials and components of the station were directed to
the recycling process. Components such as exhausted batteries
and a small percentage of the non-recyclable materials of the
photovoltaic panels have been directed to different disposal
processes aer a careful study of the end of life (i.e., pyrolysis
and landll). Three disposal scenarios were therefore created:
(i) recycling, (ii) incineration and (iii) landll, where the
percentages of waste sent to these 3 processes were divided
according to specic national data for the Australian (scenario
0) and Spanish (scenario B) scenarios.27,28 Furthermore, specif-
ically, the disposal scenario (both Spanish and Australian) was
modelled taking as reference the European LIFE project “Full
Recovery End of Life Photovoltaic (FRELP)”, considering that
90% of the materials comprising the photovoltaic panels are
recycled and the remaining 10% is sent to landll.29
2.5 LCIA method

The ReCiPe (2016) method with the hierarchist perspective (H)
version was used to assess the potential environmental impacts
deriving from the upstream, core and downstream processes.
of
ture

Departure
site

Arrival
site

Truck
(km)

Boat
(km)

Amount
(mass)

Unit
(mass)

any Augsburg New
Norcia

900 21 850 7650 kg

lia Perth New
Norcia

126 — 1100 kg

— New
Norcia

— — 6.5 kg

Korea Seoul New
Norcia

175 9260 17 kg

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Fig. 4 Scenario 0: endpoint characterization results.
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ReCiPe 2016 is a harmonized life cycle impact assessment
(LCIA) method that translates emissions and resource extrac-
tions into environmental impact scores. It was developed
through cooperation between RIVM, Radboud University Nij-
megen, Leiden University, and PRé Sustainability. The method
implements human health, ecosystem quality, and resource
scarcity as three areas of protection. It provides characterisation
factors that are representative of the global scale and includes
17 midpoint impact categories. ReCiPe 2016 also expanded the
number of environmental interventions and added impacts of
water use on human health, impacts of water use and climate
change on freshwater ecosystems, and impacts of water use and
tropospheric ozone formation on terrestrial ecosystems as novel
damage pathways.

The hierarchist perspective is one of the three cultural
perspectives utilized in the ReCiPe 2016 LCIA method. These
perspectives represent a set of choices for issues like time or
expectations so that proper management or future technology
development can avoid future damage. The hierarchist
perspective is oen considered to be the default model. It
represents a consensus model, as oen encountered in scien-
tic models. This perspective takes a balanced view, neither
overly optimistic nor pessimistic, and is based on the assump-
tion that societal consensus and scientic models will guide us
towards sustainable solutions.

3 Results

In this case study, it was decided to report the characterized and
normalized results both at the midpoint and endpoint levels. To
clearly understand the distribution of environmental impacts of
the New Norcia plant, different inventory categories have been
created: (I) “station”, composed of the raw materials and the
energy used for their manufacturing of terminal, power plant
and photovoltaic panels, (II) “energy”, which includes the
consumption of electricity and fuel needed to power the space
tracking station operations, (III) “transports”, which includes
the ships and trucks used to transport raw materials and
tracking station components, (IV) “maintenance”, which
includes components that may be substituted, and (V)
Fig. 3 New Norcia life cycle assessment flowchart including only the 3
correspond to further sub-categories. The thickness represents the re
processes. All elements contributing to the flowchart are reported in ES

© 2025 The Author(s). Published by the Royal Society of Chemistry
“disposal”, which includes all the processes for the disposal of
waste from the decommissioning of the space tracking station.

Fig. 3 displays the owchart of the whole LCA study where
the line thickness represents the relative contribution to
impacts from the different processes. All acronyms used in
gures, which refer to midpoint and endpoint indicators, are
reported in Section S2 of the ESI.†
3.1 Endpoint results of scenario 0

The ReCiPe method provides results both at midpoint and
endpoint levels. Results in this section are reported using the
three endpoints' indicators assessing damage to human health,
ecosystems and resources.

As impacts related to different midpoint or endpoint cate-
gories are each presented with its own unit of measure,
a normalization step is needed to be able to compare them.
Normalization allows comparison between different impact
categories by transforming each category's impact value into
a unied unit of measure, representing impacts relatively to
a predened reference value. The reference value utilised by the
applied ReCiPe method is the yearly average impact of a Euro-
pean citizen and the corresponding unit of measure is the eco-
point (pt).
upper levels of the model. The red lines below the last reported level
lative contribution to the environmental impacts from the different
I Table 1.†
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Fig. 5 Scenario 0: endpoint normalization results.
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Endpoint results reported in Fig. 4 provide an overview of the
damage generated by impacts caused by the different life cycle
processes of New Norcia. In Fig. 4, “energy” is the most
impacting inventory category with more than 74% of total
damage for each endpoint (82% for the human health, 88% for
the ecosystems and 75% for the resources). Otherwise, Fig. 5,
related to normalized results, shows that the “human health”
endpoint is the most impacted mainly due to the “energy”
category and partially for the “station” category.
3.2 Midpoint results of scenario 0

Midpoint results are more precise than endpoint results as
fewer aggregations took place. Relative characterization
midpoint results of scenario 0 are reported to 100% for each
impact category, as shown in Fig. 6. As anticipated by the
Fig. 6 Scenario 0: midpoint characterization results.

438 | Environ. Sci.: Adv., 2025, 4, 432–446
endpoint results, “energy” is the most impacting inventory
category for all impact categories. However, for the categories
“ionizing radiation”, “terrestrial ecotoxicity” and “mineral
resource scarcity”, a relevant percentage of impact is also
caused by other inventory categories, such as the “station”, the
“transports” and the “maintenance” inventory categories.

Specically, the ionizing radiation characterization
midpoint results are driven by the “station” and the “mainte-
nance” inventory categories, each contributing approximately
64% and 13% to the total impact. This is due to the type and
quantity of minerals extracted for the construction and main-
tenance of most photovoltaic panels. In addition, concrete is
the most impactful material used in the construction of the
antenna, primarily due to the large quantity required. The
terrestrial ecotoxicity characterization midpoint results are
instead caused by “station”, “transport” and “maintenance”
that contribute approximately 36%, 18% and 23%, respectively,
to the total impact. This is also caused by the type and quantity
of minerals extracted for the construction and maintenance of
photovoltaic panels and diesel generators. It can be noted that
the mineral resource scarcity characterization midpoint results
are due to the “station” inventory category that has an impact of
approximately 84%. Also, in this case, this is caused by the type
and quantity of minerals used in the construction of all
components. Indeed, the most impacting elements are
concrete, diesel generators, transformers, and photovoltaic
panels. Furthermore, in Fig. 7, the normalized results are re-
ported, which denote a predominance in impacts to “freshwater
eutrophication”, “freshwater ecotoxicity”, “marine ecotoxicity”
and “human carcinogenic toxicity”, where the “energy” and
“station” inventory categories are the main cause of impacts.
© 2025 The Author(s). Published by the Royal Society of Chemistry

http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d4va00070f


Fig. 7 Scenario 0: midpoint normalization results expressed in eco-points.
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3.3 Endpoint results of the comparison scenario

“Scenario 0”, which represents the actual New Norcia case
study, as presented in the previous sections, has been compared
with other two scenarios:

- Scenario A: scenario 0 without photovoltaic panels to
produce electricity on-site and without batteries for energy
storage. Accordingly, the “maintenance” inventory category
related to photovoltaic panels and batteries is not included in
this scenario. The purpose was to observe the difference in
impacts resulting from the absence of photovoltaic panels uti-
lised in scenario 0.

- Scenario B: a plant like New Norcia located in Cebreros (E)
without photovoltaic panels and batteries. In this scenario, both
the transport of raw materials for construction of the plant and
the utilized energy mix are related to the Spanish context.
Furthermore, also in this scenario, the “maintenance” inventory
category related to photovoltaic panels and batteries is not
included. This scenario has been modelled to understand how
© 2025 The Author(s). Published by the Royal Society of Chemistry
the environmental impacts might change according to the plant
geographical location. A special focus is also dedicated to the
energy mix, since the Australian energy mix is mainly driven by
coal, which is a CO2eq. intensive emitter, while the Spanish one
is a more eco-friendlier energy mix, which is mainly driven by
renewable energy. For more information on the changes made
to the New Norcia model, refer to Table 1 and Fig. 2 within ESI
S1.†

The different scenarios have been compared by means of
characterization and normalisation results, as presented in the
sections below.

As reported in Fig. 8, “energy” is the most impacting inven-
tory category in all scenarios. The most impacting scenario for
all the three endpoints is scenario A, i.e., the scenario without
photovoltaic panels and batteries located in Australia. Indeed,
photovoltaic panels help saving 470 MW h of energy per year,
which decreases the overall environmental impacts compared
to the scenario without panels. Furthermore, “raw materials”,
Environ. Sci.: Adv., 2025, 4, 432–446 | 439
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Fig. 8 Comparison of the three scenarios: endpoint characterization results.
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“end of life” and “maintenance” of the panels have a lower
impact compared to “energy”, as shown in Fig. 3. Scenario 0 has
lower impacts than scenario A, but it is not the best scenario.
Indeed, scenario B, thanks to the Spanish energy mix, which is
more oriented towards renewable energies than the Australian
one, is the less impactful scenario. However, due to some
components of the Spanish energy mix related to the use of
nuclear energy, which will be further discussed later, scenario B
has greater impacts concerning endpoint resources. However,
once normalized, this resource endpoint does not have signif-
icant impacts, as reported in Fig. 9.
Fig. 9 Comparison of the three scenarios: endpoint normalization resu

440 | Environ. Sci.: Adv., 2025, 4, 432–446
Additionally, Fig. 9 reports the normalized impacts of the
three scenarios, where human health presents the most
impacted endpoint for all three scenarios and scenario A is the
most impactful scenario.
3.4 Midpoint results of the comparison scenario

Relative characterization results of the alternative scenarios are
reported for each midpoints' impact category, where 100% is
assigned to the most impactful scenario for each individual
midpoint. As anticipated by endpoint results, “energy” is the
most impacting inventory category for several categories in the
lts expressed in eco-points.

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Fig. 10 Comparison of the alternative scenarios: midpoint characterization results.
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three scenarios. However, it should be noted that in the cate-
gories “terrestrial ecotoxicity”, “human carcinogenic toxicity”
and “mineral resource scarcity” a relevant percentage of impact
is due to other inventory categories such as “station”, “trans-
ports” and “maintenance”, as displayed in Fig. 10 and further
discussed in the following sections. Specically, for the terres-
trial ecotoxicity midpoint results, scenario 0, that is the most
impactful, is mainly driven by the “station” (approximately 36%
of the value), followed by the “energy” and “maintenance”
categories which contribute approximately 23% to the total
impact and by the “transport” inventory category with 18% to
the total impact. In addition, the “energy” inventory category of
scenarios A and B contribute approximately 35% and 28% to the
total impact of this indicator. The differences between scenarios
0, A and B are mainly due to the absence of photovoltaic panels
and batteries in the last two scenarios. In this case, the causes of
the impacts are also due to the type and quantity of minerals
extracted for the construction and replacement of photovoltaic
panels and diesel generators. The human carcinogenic toxicity
midpoint results are partially driven by the “station” for all
three scenarios with approximately 26% of the total impact.
Lastly, in scenarios 0, A and B, the midpoint of mineral resource
scarcity is mainly driven by the “station” inventory category
which accounts for 72% of the total impact in the case of A and
B scenarios and around 75% in scenario 0. Due to the absence
of photovoltaic panels and batteries in scenarios A and B, the
impacts on resource consumption are lower when compared to
scenario 0. In any case, in this category, all three scenarios have
© 2025 The Author(s). Published by the Royal Society of Chemistry
a considerable impact due to the raw materials used for various
components of the New Norcia or Cebreros station. Indeed, in
scenario 0, the most impacting elements are concrete, diesel
generators, transformers, and photovoltaic panels, while in
scenarios A and B photovoltaic panels are not considered.
Another important point is that only the midpoints “terrestrial
ecotoxicity” and “mineral resource scarcity” of scenario 0 are
more impactful than scenario A. This is due to the rawmaterials
necessary for the construction of the photovoltaic panels and
other components of the station. Lastly, due to both the Spanish
energy mix and the construction materials, scenario B is worse
than scenario A in “ionizing radiation”, “terrestrial ecotoxicity”,
“land use”, “mineral resource scarcity” and “water consump-
tion”. As regards the midpoints “ionizing radiation” and
“mineral resource scarcity”, scenario B is worse, especially for
the rst midpoint due to two different components within the
Ecoinvent process that models the Spanish energy mix. Specif-
ically, the tailing component, from uranium milling (see ESI
S1†), governs almost 93% of the energy impact deriving from
the midpoint “ionizing radiation”. While the component
uranium ore, as the uranium mine operation, is instead the
cause of the worst environmental performance of scenario B for
the “mineral resource scarcity” midpoint. Furthermore, in
Fig. 11, it is possible to observe the normalized results for the
three compared scenarios. Normalized results show a predom-
inance in impacts to “freshwater eutrophication”, “freshwater
ecotoxicity”, “marine ecotoxicity” and “human carcinogenic
toxicity”. It is important to note that the “terrestrial ecotoxicity”
Environ. Sci.: Adv., 2025, 4, 432–446 | 441
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and “mineral resource scarcity” impact categories mentioned
above have a negligible impact once the data are normalized.
4 Discussion of the results

In the next sections, a discussion of the single score results for
the three scenarios, (0) New Norcia, (A) New Norcia without
Fig. 11 Comparison of the alternative scenarios: midpoint normalization

Fig. 12 Scenario 0: single score results.

442 | Environ. Sci.: Adv., 2025, 4, 432–446
photovoltaic panels and batteries and (B) plant like New Norcia
without photovoltaic panels and batteries located in Cebreros
(E), is provided. Initially, the single score results for scenario
0 are presented, followed by the comparison of the single score
results for the three scenarios (0, A and B). The ReCiPe method
(2016) has been used for the single score estimation. As previ-
ously reported, midpoint indicators focus on single
results expressed in eco-points.

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Fig. 13 Comparison of the alternative scenarios based on the single score results.
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environmental problems; otherwise, endpoint indicators show
the environmental impact on three higher aggregation levels.
Finally, the single score is the result of further aggregation of
the 3 endpoints into a single indicator.
4.1 Life cycle interpretation of scenario 0

The single score results obtained with the ReCiPe method for
scenario 0 are reported in Fig. 12, where it is possible to see that
the “energy” inventory category is the most impactful. It should
be noted that this inventory category includes 1.36 GW h year−1

of high voltage electricity purchased from the national grid and
10 000 L year−1 of diesel used to run the backup diesel gener-
ators. The total contribution of “energy” is, indeed, equal to
approximately 82% of the total. This is primarily due to the large
amount of electricity purchased each year, followed by the liters
of diesel burned annually for energy production.

The other inventory category that exceeds 14% of the total
impacts is the “station”. As displayed in Fig. 12, the impacts of
the “station” involve 1/7 of the total impacts. These impacts are
mainly caused by raw materials and components used for the
construction of the entire station which have negligible impacts
if the entire life cycle of the plant is considered. The same holds
for impacts associated with the “transport”, “maintenance” and
“disposal” inventory categories, which are mostly negligible.
4.2 Life cycle interpretation of scenarios 0, A and B

From the single score results obtained with the ReCiPe method
shown in Fig. 13, it is clear how impacts caused by the “energy”
category are the highest for all three scenarios.

According to Fig. 13, the impacts due to the “energy”
inventory category have a value of 60% for scenario 0, 90% for
scenario A and 35% for scenario B. This great difference (+30%)
© 2025 The Author(s). Published by the Royal Society of Chemistry
between scenarios 0 and A is due to the absence of photovoltaic
panels and batteries in this last scenario. Indeed, thanks to the
panels, being able to produce 470 MW h of electricity on site of
the total annual consumption of 1360 MW h contributes to the
reduction of the purchase of electricity from the grid by about
35%. This also has direct benets for the environment since it
signicantly reduces the purchase of energy that is produced
using, for example, fossil sources. Otherwise, an eco-friendlier
energy mix like the Spanish one (scenario B) involves a 55%
decrease in the impact derived from the energy compared to
scenario A. Even if scenario B has greater impacts on the
transport of construction materials, thanks to a less impacting
energy mix, it manages to result in a scenario with fewer envi-
ronmental impacts at the single score level. All other differences
in comparison with scenario 0 are always connected to the
absence of photovoltaic panels and batteries in scenarios A and
B. Indeed, in scenario 0, the “maintenance” inventory category
affects +1.39% as compared to scenarios A and B. The reduced
impacts of this inventory category in scenarios A and B are
obviously due to the absence of components installed which
require maintenance during the life cycle of the station. More-
over, the “transport” does not show appreciable differences,
settling on an impact value of approximately 1.40% for
scenarios 0 and A and 3% for scenario B. Finally, the “disposal”
inventory category has an impact of approximately 0.20% for
the rst two scenarios and 0.54% for the last one.

4.3 Future improvements & eco-design applications

Due to the high contribution of electricity consumption, the
largest investments in terms of reducing environmental
impacts are to be made in the energy inventory category. Since
the type of a country's electricity mix is a factor that cannot be
directly controlled by a company or institution such as the ESA,
Environ. Sci.: Adv., 2025, 4, 432–446 | 443
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the main solution with immediate and clear results is to care-
fully choose the country to build the space ground tracking
station. Favouring countries whose electricity mix is more
oriented towards the use of renewables as opposed to fossil
fuels helps reduce the impact considerably, and not only in
terms of CO2eq. Unfortunately, ESA's choice of sites to building
space ground tracking stations is limited to countries with low
light pollution and as little anthropogenic interference as
possible in order to maximise the technical functionality of
these installations. Although this may be a limiting factor, as in
the case of the New Norcia station, it is possible to install
technologies in the vicinity of the installations that allow energy
to be produced on-site, such as photovoltaic panels or wind
turbines, and, consequently, reduce the energy supply from the
national grid.

On the other hand, the ESA can directly inuence the types
and quantities of materials used in the construction of ground-
based space tracking stations. Within the limits of what is
possible from an engineering point of view and related to the
functionality of the facility, reducing the mass of the entire
structure consequently reduces the environmental impact as the
latter is closely linked to the quantities of raw materials that are
extracted and subsequently processed to produce the various
components of a tracking station. Furthermore, it is possible to
specically investigate the composition of the materials used for
the construction of these plants in order to identify the best
possible solution to be adopted for future constructions. Lastly,
one of the main problems that the ESA will have to face in the
coming years concerns critical raw materials (CRMs). CRMs are
those raw materials that are economically and strategically
important for the European economy but have a high risk asso-
ciated with their supply. As CRMs are crucial for the development
of renewable technologies such as PV panels, their careful
management will be crucial in order to reduce environmental
impacts due to the construction of new PV panels. The extraction
of rare earths entails very high impacts that will need to be
contained. For this reason, the ESA plans to improve the energy
efficiency of the panels by reducing the amount of electricity fed
back into the grid in order to optimise the electricity produced
and consumed on site and thus the number of PV panels needed
for the space ground tracking stations.

5 Conclusions

This paper allowed us to understand how sustainability and
sustainable development are becoming important reference
points for space agencies. Indeed, in this paper, a screening LCA
study was proposed with the aim of evaluating the environ-
mental impacts of the satellite tracking ground station located
in New Norcia (AU) that can be used to compare similar future
constructions. Some assumptions, simplications, and
approximations were made due to the lack of primary data. To
enhance the quality of the presented results, an uncertainty
assessment and an organizational LCA could be performed;
however, these aspects are outside the scope of this study.

The assessment showed that among all the components of the
installation, the consumption of electricity from the electricity
444 | Environ. Sci.: Adv., 2025, 4, 432–446
grid causes more than 82% of the environmental impacts overall,
as can be seen in Fig. 12. To better understand how impacts of
electricity might change according to in-house production and
geographical location two alternative plausible scenarios were
created: (i) scenario A, which is identical to scenario 0 without
photovoltaic panels and batteries and (ii) scenario B, which
consists of a plant like New Norcia without photovoltaic panels
and batteries located in Cebreros (E). In these scenarios, both the
transport of various raw materials for the construction of the
plant and the energy mix are related to the Spanish context.

The comparison between scenario 0 and scenario A showed
that the energy produced by photovoltaic panels can reduce
environmental impacts by 30%. In scenario 0, the most relevant
impacts evaluated through the normalized midpoints are
always caused by the “energy” inventory category because about
70% of the energy used by the antenna is purchased by the
Australian grid which has an energy mix mainly based on non-
renewable sources such as coal.30 However, these impacts can
be considered as indirect since the ESA is not directly respon-
sible for them. The use of photovoltaic panels is therefore
highly recommended because impacts caused by the produc-
tion of the panels are negligible compared with impacts caused
by energy production.

Therefore, on-site energy production is the optimal solution
to reduce the impacts caused by energy consumption consid-
ering the Australian energy mix.

A comparison of impacts caused by scenario 0 and scenario
B show that utilising a less fossil fuel-oriented energy mix can
allow the ESA to decrease their environmental footprint.
Indeed, as it can be observed in Fig. 10, the Spanish energy mix,
although not among the least impacting energy mixes in the
world, could reduce CO2eq. emissions by more than 60%
compared to scenario A, i.e. equivalent to power plants without
photovoltaic panels and by almost 40% compared to scenario
0 with photovoltaic panels.

One conclusive consideration is that one of themost relevant
problems related to photovoltaic panels is associated with
critical rawmaterials (CRMs). CRMs are those commodities that
are economically and strategically important for the European
economy but have a high risk associated with their supply. To
meet future energy demand through renewable energies, the
demand for photovoltaic panels and other renewable energies
will increase. As a result, the consumption of raw materials
needed to manufacture these technologies is expected to
dramatically increase over the coming decades. For these
reasons, the most immediate solution to reduce the environ-
mental impacts due to the construction of new photovoltaic
panels and to reduce the costs of their purchase is to recycle
their components when possible. The ESA also plans to improve
the energy efficiency of the panels. About 20% of electricity is
put back into the electricity grid because there are no batteries
connected to the panels for energy storage.

Data availability

The data used in this article have been already included in
Section 2.4 Inventory data. The access to the SimaPro Project
© 2025 The Author(s). Published by the Royal Society of Chemistry
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made available upon request from the authors.
Conflicts of interest

There are no conicts to declare.
References

1 European Space Agency (ESA), Global Leader for an
Environmental Space Sector, 2017, available from: https://
blogs.esa.int/cleanspace/2017/03/29/esa-global-leader-for-
an-environmental-space-sector/.

2 S. Morales, Clean Space - The Clean Way Is the Right Way,
2019, available from: https://www.pgsworkshop.com/wp-
content/uploads/2019/06/MORALES-
CleanSpace_PGS_workshop_04_06_19-1.pdf.

3 European Space Agency, Clean and Eco-friendly Space, 2019,
available from: http://www.esa.int/Enabling_Support/
Preparing_for_the_Future/Discovery_and_Preparation/
Clean_and_eco-friendly_space.

4 European Space Agency, Eco-Design, 2019, available from:
http://www.esa.int/Safety_Security/Clean_Space/ecodesign.

5 European Space Agency, Cleanspace Webinar: Eco-Design at
ESA, 2020, available from: https://blogs.esa.int/cleanspace/
2020/06/05/cleanspace-webinar-ecodesign-at-esa/.

6 S. Durrieu and R. F. Nelson, Earth observation from space –

the issue of environmental sustainability, Space Policy, 2013,
29(4), 238–250.

7 A. R. Wilson andM. Vasile, Integrating Life Cycle Assessment of
Space Systems into the Concurrent Design Process, 2017.

8 T. Maury, P. Loubet, S. M. Serrano, A. Gallice and
G. Sonnemann, Application of environmental life cycle
assessment (LCA) within the space sector: a state of the
art, Acta Astronaut., 2020, 170, 122–135, available from:
https://linkinghub.elsevier.com/retrieve/pii/
S0094576520300552.

9 A. G. Castiglioni, M. B. Bigdeli, C. Palamini, D. Martinoia,
L. Frezza, B. Matassini, et al., Spaceship Earth. Space-
driven technologies and systems for sustainability on
ground, Acta Astronaut., 2015, 115, 195–205.

10 T. C. Hoerber, M. Wenger and A. Demion, From Peace and
Prosperity to Space and Sustainability, Journal of
Contemporary European Research, 2019, 15(1), 74–92,
available from: https://www.jcer.net/index.php/jcer/article/
view/897.

11 S. di Pippo, The contribution of space for a more sustainable
earth: leveraging space to achieve the sustainable
development goals, Global Sustainability, 2019, 2, e3,
available from: https://www.cambridge.org/core/product/
identier/S2059479818000170/type/journal_article.

12 K. U. Schrogl, P. L. Hays, J. Robinson, D. Moura and
C. Giannopapa, Handbook of Space Security, ed. K. U.
Schrogl, P. L. Hays, J. Robinson, D. Moura and C.
Giannopapa, Springer, New York, 2015, available from:
http://link.springer.com/10.1007/978-1-4614-2029-3.
© 2025 The Author(s). Published by the Royal Society of Chemistry
13 United Nations Office for Outer Space Affairs,
Implementation of the Guidelines for the Long-term
Sustainability of Outer Space Activities of the Committee on
the Peaceful Uses of Outer Space: Belgium, 2021, available
from: https://www.unoosa.org/oosa/sk/ourwork/topics/long-
term-sustainability-of-outer-space-activities.html.

14 European Space Agency, Adding “Earth orbits” to the list of
limited natural resources, 2018, available from: https://
blogs.esa.int/cleanspace/2018/05/24/adding-earth-orbits-to-
the-list-of-limited-natural-resources/.

15 United Nations Office for Outer Space Affairs, Guidelines for
the Long-term Sustainability of Outer Space Activities, 2019,
available from: https://www.unoosa.org/res/oosadoc/data/
documents/2019/aac_105c_1l/aac_105c_1l_366_0_html/
V1805022.pdf.

16 European Space Agency, International Ultraviolet Explorer
Overview, 2003, available from: https://www.esa.int/
Science_Exploration/Space_Science/IUE_overview.

17 Y. Doat, M. Lanucara, P. M. Besso, T. Beck, G. Lorenzo and
M. Butkowic. ESA Tracking Network – A European Asset, in
2018 SpaceOps Conference, American Institute of
Aeronautics and Astronautics, Reston, Virginia, 2018,
available from: https://arc.aiaa.org/doi/10.2514/6.2018-
2306.

18 European Space Agency, Estrack ground stations, 2013,
available from: https://www.esa.int/Enabling_Support/
Operations/ESA_Ground_Stations/
Estrack_ground_stations.

19 eoPortal, ESTRACK (ESA's Tracking Stations Network), 2021.
20 European Space Operations Centre, ESA Tracking Stations

(ESTRACK) Facilities Manual (EFM), Darmstadt, 2019.
21 European Space Agency, New Norcia - DSA 1, 2015, available

from: https://www.esa.int/Enabling_Support/Operations/
ESA_Ground_Stations/New_Norcia_-_DSA_1.

22 Probecom, Cassegrain Antenna, 2017, available from: http://
www.probecom.cn/Ralated-Theories/Cassegrain-
antenna.html.

23 M. De Santis, G. Urbano, A. R. Jimenez, E. G. Laguna and
C. Dupont, Life Cycle Assessment of Ground Segment in
Space Sector, 2018.

24 C. Sydnor, T. Marshall and S. McGinnis, Operational Phase
Life Cycle Assessment of Select NASA Ground Test Facilities,
2013.

25 Ecoinvent, Cut off system model, 2017, available from: https://
ecoinvent.org/database/system-models-in-ecoinvent-3/cut-
off-system-model/allocation-cut-off-by-classication.html.

26 European Space Agency, Recycling a space antenna, 2016,
available from: https://www.esa.int/Enabling_Support/
Operations/ESA_Ground_Stations/
Recycling_a_space_antenna.

27 EAE Business School, 43.3% of waste in Spain is recycled or
reused, 8.7 points below the average of the European Union j
EAE, 2018, available from: https://www.eae.es/en/news/eae-
news/433-waste-spain-recycled-or-reused-87-points-below-
average-european-union.

28 J. Pickin, C. Wardle, K. O'farrell, P. Nyunt, S. Donovan and
B. Grant, National Waste Report 2020, Department of
Environ. Sci.: Adv., 2025, 4, 432–446 | 445

https://blogs.esa.int/cleanspace/2017/03/29/esa-global-leader-for-an-environmental-space-sector/
https://blogs.esa.int/cleanspace/2017/03/29/esa-global-leader-for-an-environmental-space-sector/
https://blogs.esa.int/cleanspace/2017/03/29/esa-global-leader-for-an-environmental-space-sector/
https://www.pgsworkshop.com/wp-content/uploads/2019/06/MORALES-CleanSpace_PGS_workshop_04_06_19-1.pdf
https://www.pgsworkshop.com/wp-content/uploads/2019/06/MORALES-CleanSpace_PGS_workshop_04_06_19-1.pdf
https://www.pgsworkshop.com/wp-content/uploads/2019/06/MORALES-CleanSpace_PGS_workshop_04_06_19-1.pdf
http://www.esa.int/Enabling_Support/Preparing_for_the_Future/Discovery_and_Preparation/Clean_and_eco-friendly_space
http://www.esa.int/Enabling_Support/Preparing_for_the_Future/Discovery_and_Preparation/Clean_and_eco-friendly_space
http://www.esa.int/Enabling_Support/Preparing_for_the_Future/Discovery_and_Preparation/Clean_and_eco-friendly_space
http://www.esa.int/Safety_Security/Clean_Space/ecodesign
https://blogs.esa.int/cleanspace/2020/06/05/cleanspace-webinar-ecodesign-at-esa/
https://blogs.esa.int/cleanspace/2020/06/05/cleanspace-webinar-ecodesign-at-esa/
https://linkinghub.elsevier.com/retrieve/pii/S0094576520300552
https://linkinghub.elsevier.com/retrieve/pii/S0094576520300552
https://www.jcer.net/index.php/jcer/article/view/897
https://www.jcer.net/index.php/jcer/article/view/897
https://www.cambridge.org/core/product/identifier/S2059479818000170/type/journal_article
https://www.cambridge.org/core/product/identifier/S2059479818000170/type/journal_article
http://link.springer.com/10.1007/978-1-4614-2029-3
https://www.unoosa.org/oosa/sk/ourwork/topics/long-term-sustainability-of-outer-space-activities.html
https://www.unoosa.org/oosa/sk/ourwork/topics/long-term-sustainability-of-outer-space-activities.html
https://blogs.esa.int/cleanspace/2018/05/24/adding-earth-orbits-to-the-list-of-limited-natural-resources/
https://blogs.esa.int/cleanspace/2018/05/24/adding-earth-orbits-to-the-list-of-limited-natural-resources/
https://blogs.esa.int/cleanspace/2018/05/24/adding-earth-orbits-to-the-list-of-limited-natural-resources/
https://www.unoosa.org/res/oosadoc/data/documents/2019/aac_105c_1l/aac_105c_1l_366_0_html/V1805022.pdf
https://www.unoosa.org/res/oosadoc/data/documents/2019/aac_105c_1l/aac_105c_1l_366_0_html/V1805022.pdf
https://www.unoosa.org/res/oosadoc/data/documents/2019/aac_105c_1l/aac_105c_1l_366_0_html/V1805022.pdf
https://www.esa.int/Science_Exploration/Space_Science/IUE_overview
https://www.esa.int/Science_Exploration/Space_Science/IUE_overview
https://arc.aiaa.org/doi/10.2514/6.2018-2306
https://arc.aiaa.org/doi/10.2514/6.2018-2306
https://www.esa.int/Enabling_Support/Operations/ESA_Ground_Stations/Estrack_ground_stations
https://www.esa.int/Enabling_Support/Operations/ESA_Ground_Stations/Estrack_ground_stations
https://www.esa.int/Enabling_Support/Operations/ESA_Ground_Stations/Estrack_ground_stations
https://www.esa.int/Enabling_Support/Operations/ESA_Ground_Stations/New_Norcia_-_DSA_1
https://www.esa.int/Enabling_Support/Operations/ESA_Ground_Stations/New_Norcia_-_DSA_1
http://www.probecom.cn/Ralated-Theories/Cassegrain-antenna.html
http://www.probecom.cn/Ralated-Theories/Cassegrain-antenna.html
http://www.probecom.cn/Ralated-Theories/Cassegrain-antenna.html
https://ecoinvent.org/database/system-models-in-ecoinvent-3/cut-off-system-model/allocation-cut-off-by-classification.html
https://ecoinvent.org/database/system-models-in-ecoinvent-3/cut-off-system-model/allocation-cut-off-by-classification.html
https://ecoinvent.org/database/system-models-in-ecoinvent-3/cut-off-system-model/allocation-cut-off-by-classification.html
https://www.esa.int/Enabling_Support/Operations/ESA_Ground_Stations/Recycling_a_space_antenna
https://www.esa.int/Enabling_Support/Operations/ESA_Ground_Stations/Recycling_a_space_antenna
https://www.esa.int/Enabling_Support/Operations/ESA_Ground_Stations/Recycling_a_space_antenna
https://www.eae.es/en/news/eae-news/433-waste-spain-recycled-or-reused-87-points-below-average-european-union
https://www.eae.es/en/news/eae-news/433-waste-spain-recycled-or-reused-87-points-below-average-european-union
https://www.eae.es/en/news/eae-news/433-waste-spain-recycled-or-reused-87-points-below-average-european-union
http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d4va00070f


Environmental Science: Advances Paper

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 0

6 
N

ov
em

be
r 

20
24

. D
ow

nl
oa

de
d 

on
 1

0/
24

/2
02

5 
1:

48
:1

1 
PM

. 
 T

hi
s 

ar
tic

le
 is

 li
ce

ns
ed

 u
nd

er
 a

 C
re

at
iv

e 
C

om
m

on
s 

A
ttr

ib
ut

io
n-

N
on

C
om

m
er

ci
al

 3
.0

 U
np

or
te

d 
L

ic
en

ce
.

View Article Online
Agriculture, Water and the Environment, 2020, available
from: https://www.awe.gov.au/sites/default/les/env/pages/
5a160ae2-d3a9-480e-9344-4eac42ef9001/les/national-
waste-report-2020.pdf.

29 C. E. L. Latunussa, L. Mancini, G. A. Blengini, F. Ardente and
D. Pennington, Analysis of Material Recovery from Silicon
446 | Environ. Sci.: Adv., 2025, 4, 432–446
Photovoltaic Panels - Life Cycle Assessment and Implications
for Critical Raw Materials and Ecodesign, 2016, pp. 1–83.

30 International Energy Agency, Australia, 2021, available from:
https://www.iea.org/countries/australia.
© 2025 The Author(s). Published by the Royal Society of Chemistry

https://www.awe.gov.au/sites/default/files/env/pages/5a160ae2-d3a9-480e-9344-4eac42ef9001/files/national-waste-report-2020.pdf
https://www.awe.gov.au/sites/default/files/env/pages/5a160ae2-d3a9-480e-9344-4eac42ef9001/files/national-waste-report-2020.pdf
https://www.awe.gov.au/sites/default/files/env/pages/5a160ae2-d3a9-480e-9344-4eac42ef9001/files/national-waste-report-2020.pdf
https://www.iea.org/countries/australia
http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d4va00070f

	A life cycle assessment study of European Space Agencyaposs space tracking terminalElectronic supplementary information (ESI) available. See DOI: https://doi.org/10.1039/d4va00070f
	A life cycle assessment study of European Space Agencyaposs space tracking terminalElectronic supplementary information (ESI) available. See DOI: https://doi.org/10.1039/d4va00070f
	A life cycle assessment study of European Space Agencyaposs space tracking terminalElectronic supplementary information (ESI) available. See DOI: https://doi.org/10.1039/d4va00070f

	A life cycle assessment study of European Space Agencyaposs space tracking terminalElectronic supplementary information (ESI) available. See DOI: https://doi.org/10.1039/d4va00070f
	A life cycle assessment study of European Space Agencyaposs space tracking terminalElectronic supplementary information (ESI) available. See DOI: https://doi.org/10.1039/d4va00070f
	A life cycle assessment study of European Space Agencyaposs space tracking terminalElectronic supplementary information (ESI) available. See DOI: https://doi.org/10.1039/d4va00070f
	A life cycle assessment study of European Space Agencyaposs space tracking terminalElectronic supplementary information (ESI) available. See DOI: https://doi.org/10.1039/d4va00070f
	A life cycle assessment study of European Space Agencyaposs space tracking terminalElectronic supplementary information (ESI) available. See DOI: https://doi.org/10.1039/d4va00070f
	A life cycle assessment study of European Space Agencyaposs space tracking terminalElectronic supplementary information (ESI) available. See DOI: https://doi.org/10.1039/d4va00070f
	A life cycle assessment study of European Space Agencyaposs space tracking terminalElectronic supplementary information (ESI) available. See DOI: https://doi.org/10.1039/d4va00070f
	A life cycle assessment study of European Space Agencyaposs space tracking terminalElectronic supplementary information (ESI) available. See DOI: https://doi.org/10.1039/d4va00070f
	A life cycle assessment study of European Space Agencyaposs space tracking terminalElectronic supplementary information (ESI) available. See DOI: https://doi.org/10.1039/d4va00070f
	A life cycle assessment study of European Space Agencyaposs space tracking terminalElectronic supplementary information (ESI) available. See DOI: https://doi.org/10.1039/d4va00070f
	A life cycle assessment study of European Space Agencyaposs space tracking terminalElectronic supplementary information (ESI) available. See DOI: https://doi.org/10.1039/d4va00070f
	A life cycle assessment study of European Space Agencyaposs space tracking terminalElectronic supplementary information (ESI) available. See DOI: https://doi.org/10.1039/d4va00070f
	A life cycle assessment study of European Space Agencyaposs space tracking terminalElectronic supplementary information (ESI) available. See DOI: https://doi.org/10.1039/d4va00070f

	A life cycle assessment study of European Space Agencyaposs space tracking terminalElectronic supplementary information (ESI) available. See DOI: https://doi.org/10.1039/d4va00070f
	A life cycle assessment study of European Space Agencyaposs space tracking terminalElectronic supplementary information (ESI) available. See DOI: https://doi.org/10.1039/d4va00070f
	A life cycle assessment study of European Space Agencyaposs space tracking terminalElectronic supplementary information (ESI) available. See DOI: https://doi.org/10.1039/d4va00070f
	A life cycle assessment study of European Space Agencyaposs space tracking terminalElectronic supplementary information (ESI) available. See DOI: https://doi.org/10.1039/d4va00070f
	A life cycle assessment study of European Space Agencyaposs space tracking terminalElectronic supplementary information (ESI) available. See DOI: https://doi.org/10.1039/d4va00070f

	A life cycle assessment study of European Space Agencyaposs space tracking terminalElectronic supplementary information (ESI) available. See DOI: https://doi.org/10.1039/d4va00070f
	A life cycle assessment study of European Space Agencyaposs space tracking terminalElectronic supplementary information (ESI) available. See DOI: https://doi.org/10.1039/d4va00070f
	A life cycle assessment study of European Space Agencyaposs space tracking terminalElectronic supplementary information (ESI) available. See DOI: https://doi.org/10.1039/d4va00070f
	A life cycle assessment study of European Space Agencyaposs space tracking terminalElectronic supplementary information (ESI) available. See DOI: https://doi.org/10.1039/d4va00070f

	A life cycle assessment study of European Space Agencyaposs space tracking terminalElectronic supplementary information (ESI) available. See DOI: https://doi.org/10.1039/d4va00070f
	A life cycle assessment study of European Space Agencyaposs space tracking terminalElectronic supplementary information (ESI) available. See DOI: https://doi.org/10.1039/d4va00070f
	A life cycle assessment study of European Space Agencyaposs space tracking terminalElectronic supplementary information (ESI) available. See DOI: https://doi.org/10.1039/d4va00070f
	A life cycle assessment study of European Space Agencyaposs space tracking terminalElectronic supplementary information (ESI) available. See DOI: https://doi.org/10.1039/d4va00070f




