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Abstract

The goal of our study is to assess the environmental impact of the installation and use of the Giant Radio Array for
Neutrino Detection (GRAND) prototype detection units, based on the life cycle assessment (LCA) methodology,
and to propose recommendations that contribute to reduce the environmental impacts of the project at later stages.
The functional unit, namely the quantified description of the studied system and of the performance requirements it
fulfills, is to detect radio signals autonomously during 20 years, with 300 detection units deployed over 200 km2 in
the Gansu province in China (corresponding to the prototype GRANDProto300). We consider four main phases: the
extraction of the materials and the production of the detection units (upstream phases), the use and the end-of-life
phases (downstream phases), with transportation between each step. An inventory analysis is performed for the seven
components of each detection unit, based on transparent assumptions. Most of the inventory data are taken from the
Idemat2021 database (Industrial Design & Engineering Materials). Our results show that the components with the
highest environmental impact are the antenna structure and the battery. The most pregnant indicators are ‘resource use’,
mineral and metals’; ‘resource use, fossils’; ‘ionizing radiation, human health’; ‘climate change’; and ‘acidification’.
Therefore, the actions that we recommend in the first place aim at reducing the impact of these components. They
include limiting the mass of the raw material used in the antenna, changing the alloy of the antenna, considering
another type of battery with an extended useful life, and the use of recycled materials for construction. As a pioneering
study applying the LCA methodology to a large-scale physics experiment, this work can serve as a basis for future
assessments by other collaborations.

Keywords: Life Cycle Analysis, large-scale astrophysics experiment, environmental impact, radio-detection,
astroparticle detection

1. Introduction

With the growing concern over climate and the envi-
ronment, the scientific community has started to assess
the environmental impact of its activity and infrastructure
(e.g., [1], see also1 and references therein, and for studies
specific to the astronomy and astrophysics communities:
[2, 3, 4, 5, 6, 7, 8, 9, 10, 11, 12, 13, 14, 15, 16]). In order
to make scientific research environmentally sustainable,
it appears necessary to challenge and rethink the way
research is being conducted.

Email address: kotera@iap.fr (Kumiko Kotera)
1https://labos1point5.org/les-colloques

Physics and astrophysics communities are often built
around large-scale experimental projects. Evaluating
the environmental impacts of these projects at an early
phase (laboratory or prototype) of research and devel-
opment would allow the proposition of alternatives that
redirect technology towards lower environmental impact
levels [17]. The impact of the project, including the
hardware equipment, and all aspects of collaboration
research (travel, digital) can be calculated in terms of
carbon footprint [12, 13, 5, 15, 16]. Its environmental
impact may also be assessed using the life cycle assess-
ment (LCA) methodology. However, to our knowledge
the environmental impacts of a physics experiment have
not yet been reported in the literature using the LCA
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methodology.
Here we present a simplified LCA of the Giant Ra-

dio Array for Neutrino Detection (GRAND) experiment.
GRAND is a planned large-scale observatory of ultra-
high-energy cosmic particles — cosmic rays, gamma
rays, and neutrinos with energies exceeding 108 GeV
[18]. GRAND is in its prototyping phase, with the im-
minent deployment of the first antennas of GRAND-
Proto300: 300 antennas will be installed over a desert
area of 200 km2 in the Gansu province in China, and will
serve as a test bench for the further steps of the exper-
iment. The Collaboration consists today of more than
90 international researchers and engineers. Based on
the output of GRANDProto300, 10 000 antennas will be
designed and deployed by 2028 over 10 000 km2, likely
extending the same location in China. This will build
the next phase of GRAND, GRAND10k, and be the first
large-scale sub-array of the experiment. The ultimate
design of GRAND will duplicate GRAND10k at 10− 20
different radio-quiet locations worldwide, to achieve a
total of 200 000 antennas over 200 000 km2 in the 2030s
(GRAND200k).

The GRAND project was the subject of the pioneering
study on the carbon footprint of a large-scale experiment
[12, 13]. It was found that, beyond the small-scale pro-
totyping stage, hardware equipment had an equivalent
or dominant carbon footprint, compared to the other two
major emission sources considered (travel and digital
technologies). This result called for a more detailed
analysis of the environmental impacts of the hardware
equipment, and triggered the present work.

The goal of this study is to assess the environmental
impact of the installation and use of the GRAND proto-
type detection units, based on the LCA methodology, and
to propose recommendations that contribute to reduce
the environmental impacts of the project at later stages.
Due to the international character of this experiment, the
LCA allows us to develop the project considering the
environmental commitments of the countries involved
[19, 20]. This study is timely, as the project is still in its
prototyping stage, and the GRAND Collaboration will
carefully weigh the environmental impacts estimated in
this work in the decision making for the design of the
next experimental phases.

As a pioneering study applying the LCA methodology
to a large-scale physics experiment, this work can serve
as a basis for future assessments by other collaborations.
Our calculation is fully transparent and based on open
source data, in particular on the LCA simplified database
Idemat2021 [21].

Section 2 presents an overview of the LCA methodol-

ogy, the definition of the functional unit and the system
boundaries for our study. Section 3 provides the inven-
tory for the different components of the GRAND proto-
type detection units. Section 4 presents and discusses
the results of the simplified LCA. Action plans are pro-
posed in Section 5 and conclusions and perspectives are
presented in Section 6.

2. LCA methodology

There exist different techniques and methods to assess
the environmental aspects and potential impacts associ-
ated with a product or service throughout its entire life
cycle [22, 23, 24]. In this study, a simplified LCA is
used to conduct the analysis of the environmental im-
pact assessment, following the ISO 14040:2006 and ISO
14044:2006 [25, 26]. This method takes into account
all the mass and energy flows (inputs and outputs) as-
sociated with the life cycle of a product, to quantify its
potential environmental impacts. The LCA methodology
is iterative, and involves the following steps: goal and
scope definition, inventory analysis, impact assessment
and interpretation [26].

Our final goal is to identify the best actions to im-
prove the environmental performance from a perspective
“cradle-to-grave”.

2.1. Goal and scope

The main objective of this study is to estimate the life
cycle environmental impacts of the detection units of the
300-antenna prototype of GRAND, GRANDProto300.
The results will help to identify hotspots and key im-
provement areas for the next phases of the experiment
GRAND10k and GRAND200k.

2.1.1. Functional unit
The functional unit (FU) is a quantification of the

identified functions of a product. Its main purpose is
to provide a reference base on which input and output
data (mass and energy balances) are normalised. It must
be measurable, clearly defined and consistent with the
objective and scope of the research [25, 26].

Considering the objective of this study, the functional
unit is to detect radio signals autonomously during 20
years, with 300 detection units deployed over a surface
of 200 km2. The impact of digital technologies (related
for example to data handling) and of travel for mem-
bers of the GRAND Collaboration, are not taken into
account in this LCA, as their impacts will remain the
same, whatever the options are for the detection units.
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The next phases of the experiment will not be consid-
ered in this study. However, the GRAND10k experiment
will build on the results of the LCA of GRANDProto300.

The multiple sub-arrays of the GRAND200k
phase will be located in several locations world-
wide (South America, South Africa, Australia,
China/Mongolia/Kazakhstan are considered as serious
options). The projection for the GRAND200k phase
is hence less straightforward. It will be discussed in
Section 6.

2.1.2. System boundaries
The establishment of system boundaries is crucial

as it determines the unit processes to be included in
the life cycle analysis. In this research we consider 4
main phases in the life cycle of the GRANDProto300
project: the extraction of the materials and the production
of the detection units (upstream phases), the use and
the waste treatment phases (downstream phases), with
transportation between each step. The system boundaries
over which the inventory is performed in this study are
presented in Fig. 1. We evaluate the different phases of
the life cycle for seven components of the system: the
antenna structure, the battery, the photovoltaic panel, the
electronic card, power electronics, the GPS antenna, and
the wifi antenna.

Differents impacts were not taken into account, given
the exploratory nature of this R&D project :

• The impacts of the infrastructure, transformation
and the people who perform the work (travel, trans-
portation and everything related to the work of the
employees)

• The impacts of the ancillary services (such as as-
sembly, testing of equipment, maintenance or disas-
sembly)

The extraction and transformation of the different ma-
terials required for the production of the seven compo-
nents analyzed in this study are taken into account. How-
ever some specific hypotheses, based on the information
available in the Idemat 2021 database, are presented in
section 3.

Consequently, the results presented in the paper are
only lower limits to the true environmental impacts. But
they will be useful in addressing the design issues raised
by these systems.

2.2. Life cycle inventory (LCI)

To conduct a LCA, it is necessary to quantify the rel-
evant inputs and outputs in the product system. This

iterative process involving data collection and calcula-
tion procedures is called inventory analysis [25, 26]. In
this study, most of the inventory data are taken from the
Idemat2021 database (Industrial Design & Engineering
Materials) [21] from the Delft University of Technology.
This free and open source database is a compilation of
LCI data of the Sustainable Impact Metrics Foundation,
SIMF. It provides the environmental impacts for differ-
ent impact categories of materials, industrial processes,
transportation and recycling.

In this research, data from the same database are pri-
marily used to decrease the sources of uncertainty, since
each database may contain different inventories and cal-
culation methods [27]. Nevertheless, as a last resort,
if we cannot find the information that we need in our
database, we use coefficients from other studies. The
inventory of the GRAND experiment is further discussed
in Section 3

2.3. Life cycle impact assessment (LCIA)
There are different methods for calculating the life

cycle impact assessment [28], among which two main-
stream ways to derive characterisation factors: midpoint
level and endpoint level [29, 30]. The midpoint indi-
cators allow quantifying the overall effects of the sub-
stances emitted or consumed, by grouping the inventory
with similar effects. Whereas, the endpoint indicators
focus on quantifying macro changes in ecosystems, at
the end of the cause-effect chain [31].

In this work, the midpoint approach is used because
it allows to analyse the impacts that appear in the mid-
dle of the causal chain (CO2 emissions for example)
rather than final and global damages that include several
impacts (biodiversity loss for example). Therefore, the
midpoint approach allows a more detailed environmental
impact analysis of the different project stages, taking
into account the information of the different physical and
material flows. Twelve midpoint categories of environ-
mental impacts are selected to assess the total impact of
the project:

• Climate change

• Ozone depletion

• Photochemical ozone formation

• Acidification

• Freshwater eutrophication

• Marine eutrophication

• Particulate matter
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Figure 1: System boundaries. This work considers 4 main phases in the LCA of the GRANDProto300 project: the extraction of the materials and the
production of the detection units (upstream phases), the use and the end-of-life phases (downstream phases), with transportation between each step.

• Land use

• Resource use, fossils

• Resource use, minerals and metals

• Terrestrial eutrophication

• Ionizing radiation, human health

They are selected based on well-known LCA calcula-
tion methods (see Table 1).

3. Inventory of the GRAND experiment

The GRAND prototype detection units, pictured in
Fig. 2, are made up of 7 main components. An inven-
tory analysis is performed for each of these components.
Some elements of the detection unit, such as the antenna
nut (which connects the arms to the antenna pole and
to the electronic card via cables) or the connectors have
been neglected, because of their low impact compared
to the 7 components treated in the study.

In this section, we first detail general assumptions
concerning raw materials, recycling and transportation.
We then overview the constituents and assumptions used
to perform the inventory of the 7 components.

3.1. Assumptions on raw materials and end-of-life

Regarding the raw materials used, it is assumed that,
unless otherwise specified, primary materials are always
used for the different components of the GRAND project.
For example, aluminium is assumed to be obtained from
bauxite, not from aluminium scraps.

For the life cycle, it is assumed that all the recyclable,
reusable materials are fully recycled or upcycled. The

Figure 2: Left: Picture of a GRAND prototype (GRANDProto300)
detection unit. Right: Sketch of the 7 components of the GRAND-
Proto300 detection unit.

recycling percentage for each material is established
based on the availability of data in the Idemat database.

In this work, the end-of-life of materials and equip-
ment is modeled considering the recycling and upcycling
activities available in the Idemat database. For materials
for which end-of-life information is not available in Ide-
mat, it is assumed that waste management is performed
by incineration/landfill (considering 50% incineration
and 50% landfill), for which a general and average im-
pact factor is obtained from the Ecoinvent database [33].

While we consider waste treatment of the equipment
materials using the available activities in Idemat and
Ecoinvent database [33], we do not consider process-
specific waste treatment requirements due to a lack of
data, such as additional energy demands for the disman-
tling of the different components.
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Impact Unit Normalisation 
factor Description 

Climate change kg CO2 eq 5.35 × 1013 
 Corresponds to climate change affecting the global ecosystem. 

Ozone depletion kg CFC-11 eq 1.61 × 108 Ozone depletion increases the exposure of all living beings to this negative radiation

Photochemical smog kg NMVOC eq 2.80 × 1011 Deterioration in air quality, mainly through the formation of low-level fog called "smog"

Acidification mol H+ eq 3.83 × 1011 Chemical emissions which mainly lead to acid rain

Freshwater eutrophication kg P eq 5.06 × 109 Discharge of nutrients into freshwater bodies and the subsequent rise in nutrient levels

Marine eutrophication kg N eq 1.95 × 1011 Excessive enrichment of natural environments with nutrients, leading to overgrowth and 
asphyxiation 

Particulate matter disease incidences 4.28 × 106 Characterize air pollution 

Land use pt 1.98 × 1016 Human impacts on the natural and wild environment at ground level

Resource use, fossils MJ 4.50 × 1014 Indicator of the depletion of natural fossil fuel resources

Resource use, minerals and 
metals 

kg Sb eq 3.99 × 108 Depletion of non-renewable mineral resources (copper, sand..)

Terrestrial eutrophication mol N eq 1.22 × 1012 Discharge of nutrients into soil bodies and the subsequent rise in nutrient levels

Ionizing Radiation kBq 325U eq 2.04 × 1012 Human exposure to ionizing radiation causes alterations in the DNA, which in turn can 
lead to different types of cancer and birth defects.

Table 1: Description of the midpoint categories considered in this study and their corresponding normalisation factors from [32]. Units are detailed
in Appendix A

3.2. Assumptions on transportation

Figure 1 shows that 3 types of transportation are taken
into account: i) transportation between the extraction and
production sites, ii) transportation between production
and operation sites and iii) transportation between the
operation site and the disposal or recycling sites. We
call i) upstream transportation and ii) upstream to down-
stream transportation, while iii) is called downstream
transportation. The different transportation distances are
shown in Table 2; the detail of the transport values can
be found in the Supporting Information2 .

The following assumptions are made to calculate the
transportation inventory:

• The production of the antennas will take place in
Xi’An, China, in a plant located 1900 km away from
the operation site. The operation site is located in
the West of the Gansu province. The disposal and
recycling site factories are assumed to be in Xi’An.
Other recycling centers and factories exist closer
to the GRANDProto300 deployment site. This im-
proved scenario will be discussed in Section 5.

• The detection units will be transported from Xi’An
to Gansu, and then transported back to the disposal
or recycling site, as all parts of the system.

• In China, rail and road transportation are equally
used3. However, the Idemat database provides

2 https://grand.cnrs.fr/wp-content/uploads/2023/07/LCA_GP300-
_23_06_2023.xlsx.

3https://www.statista.com/statistics/264809/freight-traffic-in-
china/

train coefficients only within the USA. Therefore,
we choose to restrict all national transportation in
China to truck transportation.

• Among the options for road transportation provided
in the Idemat database, we rule out the one with
European norms (‘Truck + trailer Euro 6’), which
is not adapted to the project location. The option
‘Truck + trailer 24 tons net’ in the Idemat database
is chosen, as it provides an upper limit to the calcu-
lated values.

3.3. Assumptions on each of the 7 components
In this section, we detail the assumptions made on the

7 components of the inventory, sketched in Fig. 2, for
the upstream and downstream phases. Table 2 presents
the life cycle inventory. Only the most representative
materials and transformation activities are shown. The
detail of the inventory can be found in the Supporting
Information (see Footnote 2).

3.3.1. Antenna Structure
The antenna is made of 120 kg of stainless steel. To

have a general perspective, and for comparison purposes,
we use the data of the most common stainless steel for
outside use: stainless steel 316. Note that for the produc-
tion of a first batch of 100 GRANDProto300 antennas,
another type of stainless steel X20Cr13 (420) was used,
which improves the environmental impact, as discussed
in Section 5.

For upstream transportation: China being the first steel
producer in the world, and Hebei province the major pro-
ducer in China, we assume the steel to be produced in
that region. The transformation of stainless steel into an
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Material or component Units Antenna 
structure Battery Photovoltaic 

panel (PV)
Electronic 

card
Power 

electronics
GPS 

antenna
Bullet Wifi 
antenna

Extraction and processing of raw materials
Stainless Steel X5CrNiMo18 (316) kg 22500,0 - - - - - -
Lead battery (cars 39 Wh per kg) kg - 61200,0

Photovoltaic panel (PV cell)* m2 - - 150,0
Aluminium kg - - - 600,0 9,0 30,0 342,0

Copper kg - - - 195,3 9,0 19,5 -
Linear low density polyethylene (PE) kg 87,6
PVC (Polyvinylchloride, market mix) kg 25,6 13,8

Electronic card (Printed Circuit Board)* kg - - - 50,0 - - -
High density polyethylene kg 18,0 10,5

Silicon kg - - - - 1,8 -

Transformation 
Deep drawing steel kg 22500,0 - - - - - -

Photovoltaic panel (PV cell)* m2 - - - - - - -
Plastic moulding (blow moulding, machine only) kg - - - 112,8 - - -

Copper braiding (Rolling steel) kg - - - 195,3 - - -
Electronic card (printed Circuit Board)* kg - - - 50,0 30,0 - -

Aluminium transformation (Cold transformation Al) kg - - - 600,0 - - -
Transformation of PEHD and PVC 
(thermo forming, production site) kg - - - - 31,8 10,5 -

Transformation of metals into components 
(Cold transformation Al) kg - - - - 19,8 - -

Aluminium transformation (machining aluminium) kg - - - - - 30,0 -
Transformation of copper 

(injection moulding, production site) kg - - - - - 19,5 -

Forging aluminium kg - - - - - - 342,0

Table 2: Main inventory inputs for the GRANDProto300 detection units. The assumptions on components are detailed in Section 3.3. *Some
activities/processes in the Idemat database (PV cell, and electronic card) include upstream activities (i.e. also the raw materials) in the activity impact
factor. Since the percentage of the environmental impact corresponding to extraction/transformation is not detailed, in this work 50% of the impact is
assigned to each (extraction and transformation).

Distances from extraction and 
processing of raw materials to 

transformation (upstream site) [km]

Distances from the factory to the site 
(downstream site) [km]

Distances from 
the site 

to the end of life 
plant [km]

Truck + trailer Container ship Truck + trailer Container ship Truck + trailer
Antenna structure Stainless steel 1000 - 1900 - 1900
Battery Lead batery 1700 - 1900 - 1900
PV panel PV cells - - - - 1900

Electronic card components

Printed circuit board (PCB) 1780 - 1900 - 1900
Aluminium (metal box) 1460 - - - -
Copper (coaxial cable) 1260 - - - -
PE (coaxial cable) 1000 - - - -
PVC (coaxial cable) 1000 - - - -

Power electronic components
Plastic (Silicon/ PVC/PE) 3500 - 6400 11000 1900
Copper 3000 9500 - - -
Aluminium 2500 - - - -

GPS antenna components
Plastic 500 - 3400 - 1900
Copper 1000 - - - -
Aluminium 1500 - - - -

Wifi antenna Aluminium 750 - 3200 - 1900

Table 3: Transportation modes and distances for the GRANDProto300 components. Assumptions are detailed in Sections 3.2 and 3.3.

antenna is performed in Xi’An, following a ‘deep draw-
ing’ process, which enables to model steel into a given

shape. The average distance from the Heibei province to
the Xi’An factory is 1000 km.
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For the end-of-life, it is assumed in this study that
stainless steel is collected and recycled. Environmental
impact coefficients for the collecting and recycling are
available in the Idemat database. The non-recyclable part
of the stainless steel (56%) is assumed to be treated by
conventional end-of-life methods in China ; the impact
factor for modeling the waste scenario is taken from
Ecoinvent [33].

3.3.2. Battery
A lead-acid battery will store the electricity produced

by the PV panel. The battery is composed of one positive
plate in lead dioxide and one negative plate in lead only.
Each battery weighs a total of 51 kg.

Our calculations indicate that the battery has an energy
density of 36.3 Wh/kg approximately. For our estimates,
we use the emission coefficients of the lead battery of
a car with similar energy densities (39 Wh/kg), which
are provided in the Idemat database. This Idemat ac-
tivity only takes into account the materials required to
produce the battery; due to the lack of information, the
transformation process of the battery is not considered.

Most of the lead battery factories in China are located
in the region of Guangdong, close to Hong-Kong. There-
fore, we assume for upstream transportation that the
batteries are manufactured in this area, 1700 km away
from Xi’An.

One important factor to take into account is battery
life, which is estimated by the manufacturer to be around
5 years for field use. For an experiment duration of
20 years, this implies the use of 4 batteries per antenna.
The impact of the battery production and transportation is
hence multiplied by 4 in our estimates, which contributes
to significantly increase the global impact.

At the end-of-life, batteries can be recycled. In case
the battery is recycled, we assume that 75% of the lead
of the battery can be collected, sorted out and recycled.
Given the lack of information about the recycling pro-
cess, we assume the environmental impact factor pro-
vided for lead recycling in the Idemat database. For the
end-of-life of the remaining materials an approximate
impact factor is considered [33].

3.3.3. Photovoltaic (PV) panel
For the impacts of the photovoltaic panel, we consider

that 300 m2 of PV are required. The materials extraction
and transformation are accounted in the coefficient based
on the Idemat database (Idematapp2021 PV cell). Each
poly-crystalline solar module has an approximate area
of 1 m2 and a weight of 10 kg.

For the end-of-life of the solar panels, it is considered
that each module is mainly made of glass (approx. 70%)

and aluminium for the frame (approx. 18%). The mate-
rials and their respective quantities are calculated from
the [34] report. The glass, aluminium, copper, polymers,
silver and various metals are collected, sorted and recy-
cled. The environmental impact coefficients available
in the Idemat database are used. The environmental im-
pacts for glass recycling is not available in the Idemat
database. For glass and for materials with no disposal
method available in the database, a conventional disposal
method is assumed [33].

3.3.4. Electronic Card
The electronic card comprises the card itself, as well

as the metal box in which it is contained, and the coaxial
cables linked to the card.

Electronic card The electronic card consists of 326 g of
Megtron64, a material made of copper, glass fiber
and resin. The details of the production processes
of the card are not available. Hence we assume en-
vironmental factors for an average PCB (Printed
Circuit Board) available in the Idemat database.
This activity/process (Printed Circuit Board - elec-
tronic card) includes the raw materials extraction
and transformation. The assembly and testing of
the electronic card are not considered in this work.

We calculate the residual upstream transportation
impacts based on our knowledge that the PCB is
produced by Shenzhen Suntak Multilayer PCB Co.,
Ltd. a manufacturer based in Shenzhen, Guang-
dong, 1780 km away from the Xi’An factory.

Concerning the end-of-life, the collection of the
different materials that compose the electronic card
(copper and glass fiber) is considered, as well as
the recycling of 44% of copper. The end-of-life of
plastics is accounted for as upcycling. The emission
factors are extracted from the Idemat database. Due
to lack of information, the disposal of glass fiber is
included using an approximate emission factor, as
well as the non-recyclable part of the copper [33].

Concerning the end-of-life, glass fiber and copper
must be collected, sorted and recycled.

Metal Box The metal box is produced by Ningbo Uwor-
thy Electronic Technology, a professional case en-
closure manufacturer. We consider that the box is
entirely made of aluminium and weighs 2 kg.

For upstream transportation, it is assumed that the
aluminium stems from the major extraction site

4www.matrixelectronics.com/products/panasonic/megtron-6/
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in China, located at Jinan, 825 km away from the
factory in Cixi (Ningbo). The distance between the
two factories of Cixi and Xi’An is 1460 km.

Concerning the transformation process, environ-
mental impact coefficients of machining aluminium
are used.

Finally, the collection and recycling (34%) of alu-
minium are considered at the end of the project
using coefficients available in the Idemat and Ecoin-
vent databases.

Coaxial Cables Three cables (4 m long each) connect
the electronic card to the antenna, one cable of 2.5 m
long connects the Wi-Fi antenna to the electronic
card, and another cable connects the GPS antenna
to the electronic card. These cables are composed
of four layers: copper, polyethylene (PE), copper
again and poly vinyl chloride (PVC). After calcu-
lations based on the surface of each layer, we can
approximate the total mass of the materials which
compose the 5 cables: 651 g of copper, 292 g of
polyethylene and 84 g of PVC.

For upstream transportation impacts, it is assumed
that copper is produced on the site of Dexing (East
of China) since it is one of the major production
plants in China, located at 1260 km from the fac-
tory in Xi’An. Polyethylene and PVC are produced
everywhere in the country, thus we make the as-
sumption that a potential producer is 1000 km away
from Xi’An. Coefficients for transformation pro-
cesses concerning copper (braiding) and plastics
(moulding) are available in the Idemat database.

For the end-of-life stage, we assume that the cables
are all collected and recycled. Environmental im-
pact coefficients for the upcycling and recycling of
plastic (PE and PVC) and copper, respectively, are
also available in the Idemat database. The impact
factor considered for the non-recyclable part of the
copper is extracted from the Ecoinvent database (ap-
proximate value of waste management in general)
[33].

3.3.5. Power electronics
The power electronics corresponds to the components

needed to connect the PV panel to the battery. The
component implemented for this function is Genasun
GV10-MPPT. It is composed of a plastic box encas-
ing the controller system which includes a PCB and
electronic devices. It weighs 186 g and is assembled in
Arlington, WA, USA.

From its dimensions, we estimate the mass of the
plastic box to 30 g and assume that it is composed of
High Density Polyethylene (HDPE), the most commonly
used thermoplastic. The manufacturer neither provides a
list of the electronic components nor of their materials.
We assume the following composition for the electronics:
15 g of copper, 15 g of aluminium, 3 g of silicon and
23 g of plastic (protection of components), as well as
approximately 100 g of PCB.

Chile is one of the main producers of copper, and
the transportation selected from Chile to the USA is a
container ship over 9500 km, then 3000 km by 24-ton
truck. Canada is the closest main producer of aluminium,
with transportation over 2500 km by 24-ton truck to the
USA. All other materials and PCB are assumed to be
produced in the USA, so that transportation by truck is
considered.

For plastic materials, we assume that they are ther-
moformed. For metals, because of the scarcity of doc-
umented processes in the database, we choose to apply
an aluminium transformation process to all metals. Con-
cerning the PCB, the transformation is already taken into
account in its coefficient.

The power electronics is transported by container ship
from the USA to China over 11000 km, and then by truck
to Xi’An over 1500 km from the port to Xi’An.

For the end-of-life, we consider that the Genasun
GV10-MPPT is collected, copper and aluminium are
recycled. For the plastics (PVC and PE) the upcycling
process from Idemat database is used, while for the non-
recyclable materials and silicon, a end-of-life coefficient
is taken from Ecoinvent database [33].

3.3.6. GPS antenna
The GPS antenna enables to record the precise time

and location of received electromagnetic signals. The
model implemented in the prototype units is the Trimble
Bullet III GPS antenna.

No detailed information is available on the composi-
tion of the GPS antenna. From the approximate dimen-
sions of the device and its typical engineering design, we
estimate that the GPS antenna is composed of approx-
imately 35 g of HDPE for the thermoplastic enclosure,
100 g of aluminium and 65 g of copper.

For upstream transportation, we consider that plas-
tic can be produced anywhere in China and should be
transported over less than 500 km. Copper is extracted
in China (second world producer after Chile). We con-
sider that copper comes from the province of Jiangxi in
China and is transported over less than 1000 km. Alu-
minium can be produced in China, so near the GPS
antenna factory. The location of the GPS antenna factory
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is uncertain, hence we assume that the GPS antennas are
produced in Jiangsu (about 1500 km from Xi’An), where
one of the factories of the manufacturer is located, as
well as several other aluminium companies.

For the end-of-life stage, we assume that all the mate-
rials are recycled and that the location of the recycling
site is near Xi’An.

3.3.7. Bullet Wi-Fi antenna
The Bullet Wi-Fi antenna is mainly made of an an-

tenna reflector grid, a feedhorn assembled to the front
thanks to an aluminium L bracket, some screws and
washers. Because of the lack of information on the other
lighter components, we choose to approximate the over-
all Wi-Fi antenna (of weight 1.14 kg) by the reflector
grid, considering that impacts of the assembly stage are
negligible.

According to the company in charge of the assembly
of the antenna (L-Com) the aluminium reflector is die-
casted. The Idemat database does not provide environ-
mental impact information about this process, therefore
we choose the closest documented process : forging.

For the upstream transportation, it is assumed that the
factory in charge of the die-casting is located at Jinan
(Shandong), the biggest aluminium production area in
China and also the closest of the L-Com factory located
in Suzhou, where the product is assembled. The distance
between Jinan and Suzhou is 750 km, and of Suzhou to
Xi’An 1300 km. For the end-of-life stage, we consider
that the primary aluminium is recycled.

4. Results and discussion

This section presents and discusses the findings of the
environmental impact assessment for the different stages
(raw materials extraction, transformation, transport and
end-of-life) of the 7 main components of the GRAND
prototype detection units. In this work, the “operation”
stage (use phase, downstream) is considered to have a
non-significant environmental impact, since the detection
units operate autonomously with solar and battery power.

As mentioned above, the Idemat method is used in this
work to perform a simplified LCA. In order to illustrate
the relative impacts for the different components, the
results are normalized. The normalization is performed
by dividing each of the results for the different impact
categories into the respective normalization factors. It
allows us to compare the midpoint characterization re-
sults since the normalized results share the same units,
in order to select the most relevant categories and ana-
lyze them in detail (mid-point indicators, 4.2). In this

study the factors proposed by the Joint Research Centre
Technical Report of the European commission are used
[32]. Table 1 shows the different values.

4.1. Normalized results for the components of the
GRANDProto300 detection units

The assessment result for GRANDProto300 illustrated
in Figure 3 shows that the components with the highest
environmental impact are the antenna structure and the
battery with contributions distributed differently for each
one of the categories.

Based on the normalized results it is possible to iden-
tify the most pregnant indicators, which in this study
are “resource use, minerals and metals”; “resource use,
fossils”; “ionizing radiation, human health”; “climate
change”; and “acidification”. Although the other impact
categories are not insignificant, this study emphasizes
the five identified.

4.2. Impact assessment results: different components
and processes of the GRANDProto300 detection
units

“Resource use, minerals and metals” is the most im-
pacting category, according to the normalized results.
Figure 4.a shows that the raw material extraction is the
process with the highest contribution to this indicator.
For the battery, which is the component with the greatest
contribution, a particular peak is present in the figure
due to the extraction of materials (material transforma-
tion is not considered in the case of the battery as no
information is available). Furthermore, it is observed
that by recycling 75% of the lead in the battery, the en-
vironmental impact on the resource use, minerals and
metals indicator is reduced to approximately 10 kg SB-
eq. It is also possible to observe that the extraction of
materials (stainless steel) for the construction of the an-
tenna structure represents an important contribution to
this indicator.

For the categories “resource use, fossils”, and “climate
change”, figure 4.b and d, the raw material production is
the process with the greatest contribution. In these two
categories, the component with the highest environmen-
tal impact is the antenna structure due to the production
of stainless steel. In the case of the battery, the environ-
mental impacts are due to the raw materials extraction
and transport, 61% and 31%, respectively. Transport has
a significant contribution in these categories because of
the lifetime and the amount of batteries.

Our results for the climate change category can be
compared with the carbon footprint results obtained by
Aujoux et al.[12]. The authors evaluated the carbon foot-
print of the materials used for the antenna structure, solar
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Figure 3: Normalized impacts in different midpoint categories for GRANDProto300.

panels and battery. They found that the impact associated
with the production of the antenna structure for GRAND-
Proto300 project is 65 tCO2-eq for the 300 units. While
in this work the steel of the antenna structure has a contri-
bution of approximately 240 tCO2-eq. This difference is
due to the fact that Aujoux et al. use an average emission
factor of 2.9 kg CO2-eq/kg stainless steel [12], while
in this work 316 stainless steel was selected as the ma-
terial with a factor of approximately 6.7 kg CO2-eq/kg
stainless steel. Additionally, this work considers that the
structure has a weight of 120 kg, instead of 75 kg in the
other study [12]. The assumptions of the two studies dif-
fer, as they were revisited for the LCA after conception
changes in GRANDProto300 in-between.

In terms of the materials needed to produce the battery,
the results of the two studies are equivalent, 45.9 kg
CO2-eq/battery. However the authors consider that 300
batteries are used for the GRAND-Proto300 and do not
consider the lifetime of the batteries. As previously
mentioned, in this present work it is considered that
1200 batteries will be used for the whole array.

The raw materials production and transformation pro-
cesses are also the ones that have the major contribution
in the “ionizing radiation, human health category”, with
a distribution among the different components of the
GRANDProto300 detection units, as is shown in fig-
ure 4.c. In the case of the antenna structure, the main en-
vironmental impact is associated with the transformation
and the stainless steel recycling process. For the photo-
voltaic panels, the production of materials, as well as the
transformation of PVs have the greatest environmental

impact. The same impact is assumed for the processing
and extraction of materials. The component with the
greatest impact in this category is the electronic card,
due to the production of materials and transformation of
the Printed Circuit Board (PCB). PCB production and
transformation are also the processes responsible for the
impact associated with the power electronics component.

Finally, figure 4.e shows that for “acidification”, the
main impacts are associated with the production of mate-
rials. The greatest environmental impact in this category
is associated with the production of the raw materials
for the antenna structure. Likewise, the production of
raw materials for the battery have a considerable envi-
ronmental impact, due to the use of lead batteries.

4.3. Limitations and discussions

The major limitation of our analysis stems from the
lack of detailed information on the materials used by the
suppliers (for example, metal alloys), or on specific quan-
tities of raw materials used to manufacture components
such as power electronics, GPS or Wi-Fi antennas. This
applies to all components, and varies for the different
manufacturers. Therefore, in this research, assumptions
have been made about the materials and quantities used.

The metal composition is also difficult to define as the
mix between primary metal (from raw materials) and
secondary metal (from recycled materials) varies from a
country to another and from an industry to another. In
order to maintain consistency with the different compo-
nents, we always consider the use of primary materials.
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Figure 4: Impact level (with indicated units) for components and life cycle processes of GRANDProto300, in relation to the LCA categories. The
end-of-life stage is represented with a negative impact value.

Finally, for raw materials, the extraction site can be
questioned. Manufacturers near the coast can be supplied
with foreign metals transported by ship, which would
lead to differences in transportation impacts. We have
not made this assumption as China has huge extractive
deposits and relatively low production costs. The ques-
tion of the origin of raw materials will be all the more
important in the future stages of the project, especially
with GRAND200k, since the location of production sites
may vary according to the location of the GRAND sub-
arrays on the Earth.

Our choices in terms of transportation can also be
questioned. For this preliminary study, we choose to use
only road transportation. In reality a case-by-case study
of the transportation method used should be done for
each component. Indeed, the volume of the component,
the stock capacity of manufacturers, the proximity with
railroads or the topography of the area influence the
transportation method selected by manufacturers and
transporters.

Concerning the recycling phase, we assume differ-
ent recycling percentages for each material, considering
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the information available in the Idemat database, which
reflects the recycling processes currently available. It
is likely that the percentages of recycled materials will
change over the decades due to potential new regulations
and new technological processes. It is worth mention-
ing that there is no available information in the Idemat
database regarding the recycling of polluting components
such as electronic cards or solar panels. The limitations
of the analysis of the recycling process also relate to
the lack of available information on the final disposal
processes of some components and the end-of-life man-
agement of the GRAND project.

Lastly, the environmental impact or contribution of the
end-of-life for some materials was evaluated in a simpli-
fied way due to the lack of current available information.

5. Hotspots identification and potential action plans

The environmental hotspots can be identified after the
LCI and the simplified LCIA. As is shown in Figure 4,
the raw materials for the antenna structure, battery and
PV, as well as the transformation process of these com-
ponents represent the main opportunity areas to propose
alternatives that allow a reduction in the environmental
impact of the future stages of the GRAND project, based
on the GRANDProto300 phase.

It is important to note that impact reduction actions
generally require to make a trade-off between various
environmental impacts. This means that it is necessary
to first select the indicators with the greatest environmen-
tal impacts (Section 4.2), and then make sure that, with
the different potential action plans, there is no consider-
able displacement of environmental burdens from one
category to another.

5.1. Changing the antenna structure

The first potential action to consider relates to the
antenna structure. The antenna itself (considering its
entire life cycle) represents approximately 60% of the
“climate change”, and “resource use (fossils)” categories,
while for the “ionizing radiation (human health)” and
“acidification” categories, it represents 25% and 55%,
respectively, of the total impact. More specifically, the
extraction phase represents more than 90% of the envi-
ronmental impact in almost all the categories evaluated,
except for “ionizing radiation, human health”.

5.1.1. Limiting the mass of the antenna structure
The first solution therefore is to limit the mass of

the raw material used. For example, a reduction of 6
kg per antenna (using 114 kg antennas) would reduce

the environmental impact by 6% in all the categories
evaluated. But by limiting the mass, the strength or
the length will be affected. This choice is crucial for
the success of the project and therefore must be studied
by researchers in order to evaluate the impact on data
acquisition of a shorter or less stable structure.

5.1.2. Changing the alloy of the antenna structure
In terms of the antenna structure, another alternative

to reduce the environmental impact associated with the
extraction of its raw material is to change the metal (al-
loy). A sensitivity analysis is performed to evaluate
different potential alloys. The results are presented in
Table 4, in terms of Average Absolute Percentage Devia-
tion (AAPD) for each alloy and each impact, estimated
as

AAPD [%] =
Value base case − Value alloy i

Value base case
× 100 .

(1)
Table 4 shows that it is possible to suggest the use of
two different stainless steel alloys, reduce the total envi-
ronmental impact of the GRAND project between 5%
and 34% approximately in the climate change and re-
source use, fossil, while in the resource use -minerals
and metals– and the acidification indicators the reduction
is 83% and 18%, respectively for the alloy 1: X5CrNi18
(304), and 66% and 22%, respectively for the alloy 2:
X20Cr13 (420). Therefore, for future phases of the
project it is suggested to using the alloy X20Cr13 (420).

5.1.3. Use of secondary stainless steel (recycled)
Another alternative to reduce the environmental im-

pact of the antenna structure is the use of recycled stain-
less steel. Table 4 shows the difference between the
different impact categories evaluated when using pri-
mary and secondary materials.It is possible to observe
that there is a reduction between 22% and 99% in the
different indicators. Therefore, based on this analysis
it is possible to suggest that the most viable option in
terms of environmental impact reduction is the use of
recycled materials, all the more as it avoids any change
in the antenna structure.

5.2. Changes concerning the battery

5.2.1. Improving the battery life time
Additionally, it can be interesting to work on the bat-

tery. Indeed, according to the technical document of
the GRAND project, the batteries have a useful life of
five years, although it depends on the number of charge-
discharge cycles, the initial state of the battery, the usage
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Antenna structure
Raw material  
production  
(extraction)

Total/net (including  
all components  
and processes)

AAPD*  
(%)

Climate Change [kg CO2eq]
Base case X5CrNiMo18 (316) 239649.43 282015.80

Alloy 1 X5CrNi18 (304) 229170.75 268695.30 4.72
Alloy 2  X20Cr13 (420) 146834.08 186358.63 33.92

Stainless Steel (secondary) 56667.74 91552.11 67.54

Ressource use, fossils [MJ]
Base case X5CrNiMo18 (316) 3290049.95 3678502.85

Alloy 1 X5CrNi18 (304) 3146177.23 3493535.40 5.03
Alloy 2  X20Cr13 (420) 1999582.65 2346940.82 36.20

Stainless Steel (secondary) 908311.97 1385277.37 62.34

Ressource use, minerals and metals [kg Sb eq]
Base case X5CrNiMo18 (316) 11.60 11.60

Alloy 1 X5CrNi18 (304) 1.94 1.94 83.30
Alloy 2  X20Cr13 (420) 3.98 3.97 65.78

Stainless Steel (secondary) 0.01 0.01 99.91

Acidification [mol H+ eq]
Base case X5CrNiMo18 (316) 841.15 936.53

Alloy 1 X5CrNi18 (304) 675.27 763.35 18.49
Alloy 2  X20Cr13 (420) 642.97 731.05 21.94

Stainless Steel (secondary) 98.85 210.65 77.51

Ionizing radiation, human health [kBq U235 eq]
Base case X5CrNiMo18 (316) 106.47 4019.62


Alloy 1 X5CrNi18 (304) 109.43 4013.06 0.16
Alloy 2  X20Cr13 (420) 156.69 4060.33 -1.01

Stainless Steel (secondary) 156.73 3111.96 22.58

Table 4: Influence of using different stainless steel alloys for the an-
tenna structure on the environmental impact. *AAPD [%]: Average
absolute percentage deviation.

conditions and the technology. Thus, four different bat-
teries per antenna will be needed during the 20 years of
the GRAND project. An increase in battery life would
entail a reduction in the environmental impact associated
to the use of batteries, and it would reduce the number
of journeys to the site of the antennas, thus reducing the
transportation distances. This improvement would be the
greatest for the GRAND200k phase, since the distances
will be longer: reducing maintenance to a minimum
appears to be essential.

5.2.2. Use of remanufactured batteries
In this work it is not possible to evaluate the environ-

mental impact of the GRANDProto300 project when
using remanufactured batteries, due to the lack of avail-
able information. However, based on the work done by
Kim et al. [24] it is possible to suggest that the use of
remanufactured batteries is feasible and allows reducing
the impact by up to 40% for different categories. As in
5.1.3), this again suggests that one of the main improve-
ment options for future phases of the project is the use
of secondary or remanufactured parts and materials.

5.3. Recycling PV panel components at the end-of-life

As for photovoltaic panels, potential improvements
may stem from the recycling processes of glass and sili-

con, the main components of PVs. It has been observed
that recycling reduces the environmental impact of the
use of photovoltaic panels, because the production of
some raw materials such as aluminum, raw materials for
the production of primary white glass, copper, silicon or
silver is avoided, thanks to the recycled material from
the treatment of photovoltaic waste [34].

5.4. Evaluate manufacturing options for the Print Cir-
cuit Board

Regarding the components with less environmental
impact, i.e. the electronic card and the power electronics,
the critical part is the use of the Printed Circuit Board.
It can be suggested to evaluate different manufacturing
options, and evaluate the processes available for the end-
of-life of the PCB. This area of improvement is supported
by the fact that some authors, such as Ref. [35], have
suggested that the use of different materials can reduce
the environmental impact in the categories of climate
change and resource use- fossils by up to 50%. The end-
of-life of the PCB is not evaluated in this paper because
no information is available in the Idemat database.

5.5. Improving the supply chain

Also, an improvement in the supply chain can be pro-
posed. It can be reached through a reduction in trans-
portation distances for example, as it is found that for
GRANDProto300 transportation contributes about 12%
to the categories of climate change and resource use
(fossils). According to a sensitivity analysis, concern-
ing the transport, it is possible to suggest that reducing
the distance until the waste treatment plant by approx-
imately 30% would reduce the total environmental im-
pact by approximately 3% in the climate change and
resource use (fossils) categories. This optimization of
distances is important, not only for the end-of-life stage,
as longer transport distances may be contemplated in
GRAND200k.

5.6. Recycling or remanufacturing materials

Another improvement area of the process is related to
the end-of-life of materials. It is important to consider
recycling or remanufacturing processes at the end-of-life
of the different stages of the GRAND Project, since a
proper disposal of the different materials and components
of the project at the end of their life could potentially
reduce the environmental impact of the project. However,
due to the lack of available information as mentioned in
Section 4.3, it would be necessary to collect experimental
data to evaluate the real environmental impact related to
the recycling or remanufacturing processes.
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Impact categories Base 
case

Battery 
weight

-10% mass

AAPD 
(%)

PV size
-10% size

AAPD 
(%)

Printed circuit 
board weight
-10% mass

AAPD 
(%)

Climate Change [kg CO2eq] 471460 461999 2,01 467383 0,86 468860 0,55
Ressource use, fossils [MJ] 6220747 6099235 1,95 6171177 0,80 6176872 0,71
Ressource use, minerals and metals [kg Sb eq] 28 27 3,48 28 0,52 28 1,20
Acidification [mol H+ eq] 1709 1682 1,55 1687 1,29 1697 0,68
Ionizing radiation, human health [kBq U235 eq] 15565 15512 0,34 15343 1,43 15074 3,16

Table 5: Parameter influence (battery and PCB weight, PV size) on the environmental impact of GRANDProto300.

5.7. Use secondary or recycled materials

One of the most feasible alternatives to reduce the
environmental impact of the GRAND project is to use
secondary and recycled materials for the production of
the different parts and components. Indeed, as previously
mentioned in Sections 5.1.3 and 5.2.1 there could be a
significant reduction in the different indicators by using
recycled or remanufactured raw materials. In this work
this alternative is only presented for the materials that
compose the antenna structure and the battery. However,
based on the results, this alternative could be consid-
ered for other materials/parts of the future stages of the
project.

5.8. Resizing some components

Finally, for future stages of the project it could be
suggested to redesign some components in order to re-
duce the use of materials for their manufacture. However
given the lack of information on this matter, a sensitivity
analysis is performed to evaluate the influence of this pro-
posal with respect to the results of the life cycle analysis.
Table 5, presents the results for the different indicators,
as well as the AAPD to compare with respect to the base
case. From this "one-at-a-time" analysis it is possible
to observe that with a 10% reduction in the size/mass
of the battery or PV or antenna, the difference in the
result is not significant for most of the cases. However,
it is important to note that the size of all components
is related (i.e. if the size of the panel changes, the size
of the battery changes), so it could be suggested that by
reducing the size/mass of different components by 10%,
the environmental impact of the project could be reduced
by about 5%. It is suggested that the feasibility of this
improvement option be studied for future phases of the
GRAND project, due to the scale of the future phases.

6. Conclusions and perspectives

This study brings first results about the environmental
impact of a scientific project at its pilot scale. Indeed,
the LCA of the GRANDProto300 project shows that the
main environmental impacts relate to resource use, min-
erals and metals, and fossils, as well as climate change.
They primarily stem from the raw material production
and the transformation of the antenna structure and the
battery. The results suggest action plans to reduce these
impacts, e.g. change the weight/size for the structure
of the antenna, use a different alloy, and use recycled
materials/components.

Most of these actions would benefit the experiment
from other points of views (robustness, costs), and hence
are in line with the goals of the GRAND Collaboration:
for instance, reducing the size of the detection units will
lead to a more reliable setup, as smaller sizes indeed limit
the mechanical burden, hence reduces failure chances.

The work already achieved can be continued and be-
come even more precise and exhaustive. Firstly, more
precise information concerning the origin of the com-
ponents can improve the reliability and the accuracy of
the study. In particular, the origin of the raw materials,
the location of the manufacturers and the location of
the antennas (for GRAND 200k) can improve our re-
sults. Scientists taking part in the project will be able to
provide this information and complete our work in the
following years when all the components are produced
at an industrial scale.

Another aspect that can be improved relates to the
database. In this study we use Idemat, a free and sim-
plified database. For this reason, the assumptions made
in this work are based on the information available in
Idemat. It is important to note that the results of this
work have been compared with those of SimaPro using
the Ecoinvent 3.8 databases. The tendency of the results
is similar.
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Finally, it would be interesting in future studies of
the different stages of the project, to include installation
and maintenance in the system boundaries as well as the
use of digital tools, because these processes will become
increasingly important as the project expands.

The work that we have achieved for the GRAND
project is new in the research community. The environ-
mental impact of research projects is marginally studied.
The initiative started with the GRAND project may pave
the way to more environmental awareness and footprint
reduction when carrying out research projects.
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Appendix A. Units of environmental impacts

kg CO2 eq Mass of Carbon dioxide equivalent. Green-
house gases that highly contribute to global warm-
ing. All these gases are converted into carbon diox-
ide quantities using their global warming potential.

kg CFC-11 eq Mass of trichlorofluoromethane equiv-
alent. Several greenhouse gases contribute to
the destruction of the ozone layer (CFC, HCFC,
Halons. . . ). They are converted into a quantity of
trichlorofluoromethane using their ozone depletion
potential.

kg NMVOC eq Equivalent mass of non-methane
volatile organic compounds. These are a large
variety of chemically different compounds, such as
benzene, ethanol or acetone.

mol H+ eq Amount of equivalent hydrogen proton
available in a molecule. This quantity is obtained
from the acidification potential.

mol N eq Amount of equivalent nitrogen available in a
molecule.

kg P eq Equivalent mass of phosphorus.

kg Sb eq Equivalent mass of antimony.

Pt Point (kg C deficit).

m3 water Water volume.

MJ Energy in mega joule.

kBq 235U eq Radioactivity in units of 235U radioactiv-
ity.
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