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Abstract

The space industry aims to promote economic growth, while ensuring a sustainable use of space. The sustainability objectives of
space often refer to Active Debris Removal missions, which, despite being needed, are still following a linear economic model.
Space circular economy permits giving value to space debris, considering it as a valuable resource. Pilot studies investigated
the application of circular concepts to spacecraft solar panels. The results of a first study on the thermal degradation behavior
of the solar cell encapsulant, WACKER® RTV-S 691, identified a degradation starting at 300 °C. It demonstrates great
potential for further investigation of thermal delamination processes. This paper aims to propose an experimental approach to
investigate the use of solar radiation to delaminate and to anneal spacecraft solar cells using a Sun simulator with a maximum
power of 1500 W m~2. This initial study aims to start the discussion of the implementation of circular concepts within in-space
assembly and manufacturing to facilitate their implementation.
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Symbols

A Thermal conductivity, W m1K!

o Thermal expansion coefficient, oc—!

c Specific heat capacity, J kg~! K~

P Density, kgm ™3

o Stephan—Boltzmann constant, W m~2 K~*

) Heat flux, W m—2

€ Emissivity

T Absolute temperature, °K

AUsystem Internal energy of a system, J

0 Heat, J

w Work, J

P Power, W m—2

10 Electrons fluence, cm ™2

1 Introduction

In-orbit servicing is regaining its momentum, following the
realization of the importance of maintaining a peaceful and
sustainable use of outer space. Nevertheless, the space indus-
try has undergone drastic changes in the new space era. It
follows a linear economic model: take, make, launch, use,
debris, and deorbit; unsustainable by definition and exacer-
bated by the privatization of the space industry [1-8].
Space circular economy approaches are considered by
several space stakeholders to answer challenges, such as the
limitation of Near Earth Orbital Space, of Earth resources,
and the Damocles Sword situation caused by space debris.
There is real interest, both technical and economic, in the
implementation of circular strategies in space. Those con-
cepts are often considered of strategic importance by major
space stakeholders as they are expected to create new markets
and economic growth [3]. Previous studies have investigated
circular concepts for spacecraft [9—12]. Spacecraft solar
arrays have been identified as suitable candidates for a pilot
study on space circular concepts. They represent a significant
amount of material in space: mega constellation missions,
such as the SpaceX Starlink mission with 40,000 spacecraft,
once fully deployed, would represent an estimated surface
of 10,277,600 m? of spacecraft V2 solar arrays in orbit [13].
Solar arrays degrade relatively fast in space, mostly due to
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radiation and temperature changes, but also due to impacts
with micro-meteoroids and space debris [10, 11]. In 2008,
solar array anomalies represented 33% of the insurance over
10 years and 49% of the value of all insurance claims in 2004.
In geostationary Earth orbit (GEO), the occurrence of solar
arrays’ anomalies is found to coincide with the spacecraft’s
early mission failure trend, see Fig. 1 [14].

The capacity to service or retrieve materials from damaged
spacecraft solar arrays could represent a potential new market
for the space circular economy. Circular models and strate-
gies for silicon solar cells are under investigation on Earth
to emphasize the value of end-of-life photovoltaic modules,
see Fig.2 [15-17]. Those concepts need to be investigated
for in-orbit application via spin-in technology transfer [18].

While new spacecraft missions can be designed to be
repaired, reused, or refurbished, space debris might not be
serviceable. Recycling and Recovery processes need to be
investigated for spacecraft solar arrays that can not be reused,
repaired, refurbished, remanufactured, or repurposed [12,
19]. On Earth, solar panel recycling processes often involve
delamination: the process of separating the laminated layers
of a solar panel by degrading or removing the encapsulant
[16, 17]. For space applications, the identified most suitable
delamination process is thermal delamination, as it might
permit the retrieval of the solar cell without drastic dam-
age, compared to mechanical delamination, and does not
involve complex chemical processes, still facing reluctance
for in-orbit applications, as chemical delamination [10, 12,
16]. Recovery, in the circular economy context, refers to
the conversion of waste, here spacecraft solar arrays, into
usable energy or valuable biochemical compounds through
processes, such as incineration with energy recovery [19].
For space applications, thermal decomposition processes
using plasma generators were investigated for crewed space
mission organic and electronic waste management and are
mentioned within the space circular economy perspective of
space stakeholders [3, 20-22]. Plasma generators have also
been investigated as a potential method for spacecraft solar
cell delamination [9, 12, 23, 24].

Even though plasma generators showed great potential
for the decomposition of waste to produce energy and pro-
pellant [12, 20, 21], their efficiency for the delamination
of spacecraft solar panels can be discussed. The delamina-
tion process aims to decompose selected materials, primarily
the encapsulant, to enable the recovery of valuable com-
ponents. However, plasma generators are characterized by
high mass-specific enthalpies, high heat flux densities, and
temperatures reaching 20,000 °C, which may lead to unde-
sirable degradation or destruction of these components. For
delamination, planning the exact required process parame-
ters is indispensable [23]. Another drawback of the plasma
generator for Earth and space applications is the energy con-
sumption and the related cost making it unaffordable [20, 21];
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the specific energy consumption for wood waste gasification
has been experimentally assessed as 1.53kW hkg ™!, which
represents between US$200 and US$ 500 per ton treated,
producing 1700 m? of dry fuel gas, which is not beneficial
compared to standard industrial processes [25]." In space,
those drawbacks will, most probably, be aggravated as it lacks
infrastructure, manufacturing processes, energy production,
and safety measures. Thus, another method for spacecraft
solar arrays delamination should be investigated.

A well-known and non-negligible source of heat in space
is the Sun, also known as solar thermal. The heat pro-

1 The authors would like to specify that those values are for a specific
use of plasma generators and might not be representative of all their
applications.
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duced by the Sun’s solar radiation naturally heats space
assets that need to be designed to endure extreme tem-
peratures [26-28]. Could solar radiation produce enough
heat to delaminate solar cells in orbit? Moreover, although
solar radiation degrades solar cells, the elevated temper-
atures experienced under solar illumination can partially
restore radiation-induced damage through a process known
as annealing [29]. Annealing is a heat treatment process that
modifies the physical and chemical properties of materials,
enabling partial recovery of radiation-induced degradation.
Once delaminated, solar cells that have sustained radiation
damage, but no structural damage could be suitable for
restoration through annealing, enabling their reuse in future
(Table 1).
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Table 1 Advantages and
inconveniences of plasma
generator and solar radiation for
delamination in orbit, built
based on the results of
Schefthaler et al. (2025) [12],
Anih (2022) [20], Herdrich et al.
[21], Messerle et al. (2020) [24],
Latsia et al. (2025) [25], Latsia
et al. (2025) [26], Bursachi
(2024) [27], Tsirvoulis et al.
(2022) [28], Rauschenbach
(1976) [29], Adams (1995) [30],
Moore et al. (2015) [31], and
Brysbaert (2023) [32]

Advantages

Inconveniences

Plasma generator

Solar radiation

Rapid heating of material [21]
High temperature (up to 20,000 °C) [21]

Can be used for other strategy as
Recycling or Recovery [20, 21, 23]

Technology readiness level is available
from Earth applications [21]

Well-known natural heat source in space
[26-28]

Some Technology Readiness Level
advancement from solar thermal
applications [30, 31]

Can be used for controlled annealing,
preventing the induced radiation
damages [29]

Need for adequate infrastructure in orbit
Energy-intensive [25]
Expensive [20, 21]

Technology development for in-orbit
application [20]

Highly destructive [12, 20]

Exact required process parameters need to
be determined and implemented for
delamination applications [23]

Need for adequate infrastructure in space

Typically reach lower temperatures [32]

Technology development for in-orbit
application

UV radiation and charged particles [29]

This paper investigates the use of solar radiation for con-
trolled end-of-life processing for spacecraft solar cells in
orbit, via Sun simulator experimentation, including delami-
nation or annealing. First, the thermal behavior of
WACKER® RTV-S 691, the encapsulant material used in the
investigated solar cell samples, is presented based on previ-
ous studies. Annealing temperatures reported in the literature
are then reviewed. This establishes the relevant thermal con-
ditions for both processes. Building on this background, the
paper proposes an experimental design to demonstrate that
these thermal conditions can be reached and maintained for
the required exposure duration using a Sun simulator. This
proposed experimental design aims to provide an initial proof
of concept and introduce a foundation for future experimental
work aimed at quantitatively characterizing the delamination
and annealing of spacecraft solar cells. Finally, the proposed
design is analyzed to assess the feasibility of using solar
radiation for spacecraft solar-cell end-of-life processing, its
potential implementation in orbit, and directions for future
experimental investigations.

2 Thermal behavior of space-certified
encapsulant

As said earlier, to recycle spacecraft solar panels, the
first step is often delamination [9, 12, 16, 33]. The most
applicable delamination method in orbit was identified as
thermal delamination [9, 10, 12], which involves separating
cell layers by pyrolysis of the encapsulant [16]. Nonethe-
less, one of the major differences between terrestrial and
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space-application solar panels is the encapsulant. Because
spacecraft solar arrays must withstand the extreme thermal
cycling encountered during in-orbit operation, they require
encapsulants with enhanced thermal stability. Thus, these
materials are expected to be more resistant to decomposition,
which may increase the difficulty of end-of-life recycling or
delamination.

The solar cell samples used in this study are space-certified
solar cells from a spacecraft flight model, given by the
LaSEINE research group of the Kyushu Institute of Tech-
nology. The layer structure of the used solar panel is shown
in Fig.3. The cells are all Silicon solar cells and have no
pretreatments, such as irradiation.

The encapsulant used is a Room-Temperature-
Vulcanizing silicone layer (RTV) called WACKER® RTV-S
691. RTVs, such as WACKER® RTV-S 691, have space-
adapted thermal properties: they are more resistant to temper-
ature changes and start decomposing at temperatures higher
than 200°C [12]. The thermal properties of WACKER®
RTV-S 691 can be found in the Table 2.

Previous experiments assessing the thermal degradation
behavior of the encapsulant WACKER® RTV-S 691 have
been conducted via thermogravimetric analysis (TGA) and
spectrometry of the remains at the Luled University of Tech-
nology, see Fig. 4 [12].

Samples of WACKER® RTV-S 691 were submitted to a
constant heating rate of 10°C min~! from room temperature
up to 1000 °C in both argon and air atmospheres to assess
the maximum mass loss upon heating due to pyrolysis and
molecular oxygen. The samples began to degrade at 300 °C in
both argon and air. The residual mass converged to 63.6% in
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Fig.3 Simplified schematic of the solar cell sample layers. The actual
panel consisted of three strings of 24 cells each connected with silver
electrodes

argon and 71.4% in air environments after 80 min, see Fig. 4
[12]. Other samples were submitted to an isothermal setup
at 450 °C for 3 h to assess the extent and rate of encapsulant
degradation at a temperature below the melting temperature
of the aluminum layers. The residual mass was more than
80% in air and 65% in argon, which indicates a different
thermal degradation behavior in air, see Fig.4 [12]. Assess-
ments based on visual inspection before and at the end of
experimentation, along with material scientists of the Lulea
University of Technology, were made. In both experimental

setups, the residues were brittle, indicating the possibility of
delamination between the two sides attached by the adhesive,
see Fig.5[12, 23].

Scanning Electron Microscope with Energy-Dispersive
X-ray Spectroscopy (SEM-EDS) pictures of the decomposed
samples were taken. Both samples showed cracks; see Fig. 6
[23].

3 Identifying annealing temperatures of
spacecraft solar cells

Another potential application of solar thermal can be the
annealing of solar cells. It can also be a potential next step in
the reusing or recycling processes of spacecraft solar cells.
Annealing is a heat treatment process used to modify the
physical and chemical properties of materials. It was inves-
tigated to heal irradiation damage on Si (Silicon) and GaAs
(Gallium Arsenide) solar cells [34—40].

The results of previous studies using various annealing
methods provide valuable lessons learned and parameters,
such as temperature or curing time, to design a Sun simulator
experiment.

Table 2 Thermal properties of WACKER® RTV-S 691, built with the data of Schefthaler (2025) [23]

Material Thermal Thermal Specific heat Density p Decomposition
conductivity A expansion capacity (kgm™3) temperature
(Wm~ 1K™ coefficient o c(kg 'K (°C)
Ch)
RTV-S 691 0.39 200 x 1076 701 1420 > 200
100 ¢~\\ Air
951 — Argon
5 s 9
P P
Z Z 85
E ERS
o= =
wn » .
g g 75
701
65

400 600 800
Temperature [°C]

0 200

0 25 50 75 100 125 150 175 200
Time [min]

Fig.4 TGA results of WACKER® RTV-S 691 with a constant heating rate of 10°C min~! (left) and an isothermal hold at 450 °C for 3 h (right).

Credits: Schefthaler et al. (2025) [12]
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Fig.5 Evolution of the sample during the TGA experiments: before the experiment on the left, after TGA in an air environment in the middle, and

after TGA in an argon environment on the right. Credits Schefthaler [23]

Fig.6 SEM-EDS shots of
WACKER® RTV-S 691 samples
after thermo-gravimetric
analysis in argon (Ar) (left) and
air (right). Credits Schefthaler
[23, 24]

Weinberg et al. (1979) investigated the isothermal anneal-
ing of 0.1-ohm-centimeter n+/p Si solar cells (a solar cell
with a resistivity of 0.1 Ohm cm) doped with boron, doped
p-type float zone silicon, irradiated by 1 MeV electrons at
different fluences, see Fig.7. The solar cells irradiated with
a fluence of 1 x 10" cm~2 and 5 x 10'* cm ™2 recover their
pre-irradiation maximum power ( Ppyax) after being annealed
at 500 °C for 20 min and 180 min, respectively [35]. The cells
irradiated at a fluence of 1 x 10" cm~2 recovered 92% of
their pre-irradiation maximum power after being annealed for
180 min at 500 °C [35]. For the same fluences, the isothermal
treatment at 450 °C demonstrated lower performance recov-
ery. The solar cells irradiated with 1 x 10'* cm™2 recovered
92% of their pre-irradiation maximum power after 105 min
[35].

Brothers et al. (1991) investigated the burst annealing of
GaAs solar cells [37]. Their method consists first in the
irradiation of the cells by 10MeV electrons at a fluence
1 x 1019 ecm™2, then a 3-step burst isothermal annealing at
500 °C during 1 min, 500 °C during 5 min, and 600 °C during
5min, then a irradiation by 1.7 MeV protons at a fluence of
2 x 10" em™2, after which a final annealing step was per-
formed. The temperature and duration of this final annealing
step were not specified in the publication [37].

The Voc (open circuit voltage) degrades drastically after
the irradiation of the electrons, see Fig. 8. The first isothermal
annealing at 500 °C for 1 min partly restored the Vpc. The
second annealing, at 500 °C for 5 min, and the third anneal-
ing, at 600 °C for 5min, show small improvements in the
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restoration of Vpoc. The proton irradiation, occurring after
the three annealing steps, causes a drop in the Vpc, but it
is almost completely restored to the previous level, after the
fourth annealing [37].

The Isc (short circuit current) drops after the electron
irradiation, but it recovers almost completely after the three
annealing processes, see Fig. 9. The proton irradiation causes
the Isc to drop, and the fourth annealing only restores it
partially [37].

Sunlight was investigated by Herasimenka et al. (2023)
and Gurimskaya et al. (2023) for low-temperature anneal-
ing using a halogen bulb [38, 39]. It was demonstrated on
micron-thick silicon heterojunction solar cells. The cells
were irradiated either by 1 MeV electrons with a fluence
of 1 x 10 cm™2, or 3MeV protons with a fluence of
1 x 10" cm™2. The annealing rate was found to be dependent
on the wafer thickness, impurities, temperature, and irradi-
ation. Figure 10 shows the wafer thickness dependency of
annealing; 80 pm thick solar cell does not anneal at 100 °C,
while 40 and 20 pm thick solar cells do recover fully in terms
of Voc [38, 39].

A 20-pm-thick silicon heterojunction (SHJ) solar cell
irradiated with electrons fully recovered its Voc after 8h
of curing at 80 °C under light. This last experiment shows
encouraging results for using sunlight to anneal solar cells
[38, 39].

Other methods for annealing were investigated. Pivirotto
(1980) investigated the use of Copper Halide lasers to anneal
irradiated silicon solar cells [36]. The cells were irradiated
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Fig.7 Effect of isothermal annealing on Py, recovery after irradiation
with 1 MeV electrons. a (On top) shows the effect of isothermal anneal-
ing at 500 °C and b (at bottom) shows the effect of isothermal annealing
at 450 °C. Credit: NASA (1979), work of the U.S. Government; public
use permitted [35]

with 1 MeV electrons at a fluence of 1 x 10" cm~2. Copper
Halide lasers have two output wavelengths of 511 nm and
578 nm [36]. The laser used in the experiment has a spot
size of 0.17cm with a spot overlay in the Y direction of
2/3, an average energy density in the spot of 0.013Jcm™2,
an average power of 4.3 W, and a pulse repetition rate of
14.3kHz [36]. Figure 11 shows the IV curves of the cells
before irradiation, after irradiation, and after annealing. The
figure on the right corresponds to an experimental setup with
a traversing speed of 0.16ms~! and a total applied energy
density on the surface of the cell of 500 J cm™2; the one on the
left, to a traversing speed of 0.13 m s~! and a corresponding
total energy density on the surface of the cell of 690 J cm ™2
[36]. The right part of Fig. 11 shows that the cells recovered
their performance substantially, even with the alteration of
the IV curve shape. The left part of Fig. 11 shows a lower
recovery, but a conserved shape of the IV curve [36].

Figure 11 shows that the cells were partially annealed and
recovered some of their performance. A recovery of 41%
of the loss of maximum power after being annealed with a
Copper Halide laser has been achieved [36].

Table 3 summarizes the annealing temperatures and curing
times identified in previous investigations.

As said before, those parameters can be used to design
the Sun simulator experimental campaign on the annealing
of spacecraft solar cells. The CNES facility Sun simula-
tor would easily reach the required temperatures for low-
temperature annealing. Nonetheless, SHJ solar cells are not
commonly used for spacecraft, such as GaAs solar cells, or
historically, thicker Si solar cells, as in Fig.3, which might
require higher temperatures [35, 37, 40].

4 Using solar radiation for spacecraft solar
cells end-of-life processes: a planned
experimental approach

As discussed earlier, one of the primary heat sources in
space is solar radiation. This heat source could potentially
be exploited to develop end-of-life processes for spacecraft
solar cells directly in orbit. On Earth, Sun simulators repro-
duce the solar spectrum and irradiance and are widely used
for spacecraft thermal testing as well as for investigating the
effects of solar radiation on planetary materials [26-28, 32,
41, 42]. They could also be used to assess the feasibility of
solar cell delamination and annealing using simulated solar
radiation.

An experimental campaign investigating the feasibility of
the use of solar radiation for solar cells delamination and
annealing will be conducted at the Centre National d’Etudes
Spatiales (CNES) Thermal Test Laboratory at the Toulouse
Space Centre (CST). The Sun simulator is generally used
for proto-flight model thermal vacuum and thermal balance
tests for spacecraft missions. It has a minimum power of
800 Wm~2 and a maximum power of 1500 W m~2. It has
a useful solar spot diameter of 52 cm. The vacuum chamber
is 2m?2. The solar spectrum is relevant to the study, as the
Sun simulator is used to test spacecraft thermal performance,
which is relatively close to the AMO standard [41, 42].

To investigate delamination of solar cells, the objective is
to heat WACKER® RTV-S 691 decomposition temperature
identified in Fig.4 with a Sun simulator and maintain this
temperature for as long as possible to observe any resulting
delamination or material damage. The experiment aims to
assess the feasibility of using solar radiation for controlled
delamination processes for spacecraft solar arrays.

For the annealing of solar cells, access to facilities capa-
ble of irradiating solar cells is uncertain. Thus, a literature
review on the temperatures and annealing times required to
recover the performance of irradiated solar cells using differ-
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Fig.8 Irradiated solar cells Voc 0.95
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ent annealing methods, see Table 3 [35—40]. The objective
of the Sun simulator investigation is to heat the solar cells to
the annealing temperatures identified in previous studies and
maintain those temperatures for the required annealing dura-
tion. Although the solar cells used in this work may not have
been previously irradiated, these experiments can demon-
strate that solar radiation is capable of providing the thermal
conditions required for controlled end-of-life annealing of
spacecraft solar arrays. Reaching the annealing tempera-
ture depicted in [38, 39] would confirm the feasibility of
the use of solar radiation for low-temperature annealing of
solar cells. Nonetheless, for higher annealing temperatures,
as depicted in [35, 37], as for delamination, the experimen-
tal setup will require a structure to focus sunlight onto the
cell; see Fig. 12. In-orbit, studies on solar concentrators have
been conducted for space solar thermal power and propul-
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sion applications. They investigated solar concentrator for
2000 °K (1726, 85°C) and 2500 °K (2226, 85 °C) applica-
tions [43—-45]. They indicate a possibility of reaching higher
temperatures depicted in [35, 37].

To determine the annealing effect, if there is a possibil-
ity for the irradiation of the cells, the IV curves and the
maximal power can be measured before irradiation, after
irradiation, and after annealing, to determine the degrada-
tion and/or recovery of the solar cells’ performances [35,
36]. Ideally, the experiment should be repeated over a range
of temperatures, for a given duration, to determine a poten-
tial optimized annealing temperature for a given experiment
duration [38, 39].

To design the experiment, the solar cells shown in Fig.3
were used. The sample sizes go from 46 to 360 cm?. The
temperature of the cell will be measured by a thermal cam-
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Fig. 10 Annealing dependence
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1

s

face. Left: a traversing speed of 0.13 cm s~! and a total applied energy
density of 690] cm~2). Credits: NASA (1980), work of the U.S. Gov-
ernment; public use permitted [36]
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era. A second surface mirror (SSM) structure can be used to
focus the light on the solar cells, increasing the incident solar
irradiance and resulting in higher temperatures, see Fig. 12.
The temperatures of the camera, vacuum chamber, and SSM
structure will be measured using thermal control devices.
At the moment, three repetitions are planned, including cal-
ibration. Of course, more repetitions would strengthen the
results. The delamination, or potential other degradations,
will be assessed by visual inspection and scaling. The exper-
iments are expected to last between 6 and 8 h, excluding the
chamber evacuation. The cell sample angle is expected to be
90°.

Figure 12 represents the planned experiment; the light is
concentrated onto the cell, using the SSM structure, raising its
temperature to different levels to reach the WACKER® RTV-
S 691 decomposition temperatures, and thereby assessing the
feasibility of separating the cells from the Kapton and CFRP
layers; and the annealing temperatures identified.

The experiment can be described by the following equa-
tions. The conductive heat loss from sample supports
and radiative coupling with vacuum chamber walls were
neglected. The Stefan-Boltzmann law gives:

®=eoT?

(D
0 =567x10Wm2K™,
where € is the emissivity, o is the Stefan—Boltzmann con-
stant, and T is the absolute temperature.

The first Law of thermodynamics gives:

AUsystem = Q - W, (2)

where AUgystem is the internal energy of the system, Q is the
heat supplied to the system, and W is the work done by the
system on its surroundings.

In this experiment, W = 0.

O = ORadbirect T ORadreflected — QRadExchanges — OLeakss

3

where QRadbirect 18 the direct radiative flux from the Sun,
i.e, the light arriving directly on the solar cell surface,
ORadReflected 18 the reflected radiative flux from the Sun, i.e.,
the light reflected arriving on the solar cell, QRradexchanges 18
the radiative exchanges with the environment, and Qjeqks 1S
the losses by conduction exchanges.

0 = PsacennScell + Ps(1 — assm) Sssmi
4
— €cell ScellO Tcell — OLeakss 4)
where Ps is the Sun generator power, oy is the temperature

coefficient of the cell, Scep is the surface of the cell, assm
is the temperature coefficient of the reflective band, Sssmr

is the illuminated surface of the reflective band, €cej is the
emissivity of the cell, o is the Stefan-Boltzmann constant,
and T is the temperature of the cell.

In a steady state:

0 = PsacenScent + Ps(1 — assm) Sssmr

— €cell Seet10 Togy) — OLeaks = 0. (5)

The expected reachable temperatures in the presented con-
figuration on the solar cell surface ranges between 200 °C
and 500 °C, depending on the solar cell surface. The objec-
tive of the experiment is to confirm that solar radiation can
permit the heating of solar cells up to the decomposition tem-
perature of WACKER® RTV-S 691 and higher, or required
temperatures for solar cells annealing. Regarding delamina-
tion, related studies and industrial applications indicate that
the duration time highly depends on temperature [10, 16, 17,
23]. An industrial scale requires higher temperatures to reach
the desired industrial pace [17].

The expected behavior is a partial or complete outgassing
of the WACKER® RTV-S 691, resulting in the delamination
of the solar cell from its support and front protection.

Table 4 presents the calculation of the heat loss using For-
mula (5) for solar cell samples. Those results permit a better
design of the support for the solar cells within the sun simu-
lator to limit the losses.

5 Discussion

Space circular economy is a long-term objective for the
space industry. This paper investigates the feasibility of
controlled delamination and annealing processes for space-
craft solar arrays. To be really effective in their potential
future implementation, circular processes must be investi-
gated in tandem with key technology development, such as
capture and In-space Servicing, Assembly, and Manufactur-
ing (ISAM). Adequate business models must be developed
in tandem to ensure economic viability compared to ADR
(Active Debris Removal) and deorbiting strategies. Accord-
ing to NASA, recycling large space debris would represent
an estimated cost between US$ 4000 and US$ 10,000 2 com-
pared to an estimated cost between US$4000 and US$ 60,000
for controlled reentry [2, 3, 5, 47-50].

The experiments presented in this paper aim to inves-
tigate the feasibility of delaminating and annealing solar
cells in space. The CNES facility Sun simulator, where the
experiments will be conducted, is mainly used for thermal

2 The study considered business model of Orbit Fab [46] and states the
values are still highly speculative and require more investigation [47,
48].
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Fig. 12 Schematic of planned experiment
Table 4 * Qjeqis for solar cell Teenl (°C) Cellyg oy > Cellgg oy > Cellg) o> Cellyyy Cellygy e >
samples
200 270 262 258 166 160
250 264 255 248 127 118
300 257 244 236 75 63
350 247 231 220 7 -7
400 235 214 199 —78 —98
450 220 192 174 —186 —211
500 202 166 142 -319 —350

control applications of various space missions, such as Mar-
tian Moons eXploration (MMX) mission [41, 42]. While the
facility is expected to be easily used for assessing the fea-
sibility of low-temperature annealing, higher temperatures
required for delamination and some identified annealing pro-
cesses, see Table 3, are likely to require a structure to focus
the light on the cell, see Fig. 12, and might be constrained by
safety measures.

Future comprehensive parametric studies should consider
incorporating gradient irradiation conditions, dedicated con-
trol groups, and a more comprehensive sample grouping
strategy. The delamination of WACKER® RTV-S 691 should
be assessed by quantitative metrics, such as bonding strength
and electrical performance decay. In previous studies, only
the thermal behavior of the encapsulant layer was conducted;
more investigations need to be conducted on the other lay-
ers, especially the cells, which must be as little damaged as
possible to be reused or recycled [12].

The capacity to delaminate and anneal solar cells presents
further challenges to be assessed. For both, the technologies
require functioning in a free-fall environment. ISAM-related
technologies, such as ISAM space stations and processes, are
required for their successful implementation. Despite having
been detected in space, annealing often occurs in tandem with
radiation damage [29]. Adequate structure filtering the radi-
ation and particles would prevent radiation damage during

@ Springer

annealing. The vacuum of space limits convective heat loss,
allowing solar cells illuminated by the Sun to reach high tem-
peratures through radiative heating, which is a real advantage
for delamination processes.

Moreover, delamination is the first step of recycling pro-
cesses on Earth. The efficiency of recycling, as an overall
strategy, is widely discussed within the circular economy
community. Recycling involves processing waste to recover
raw materials, which often exhibit degraded properties com-
pared to virgin materials and, therefore, may not meet the
performance or safety standards required for ISAM appli-
cations. It is also employed as a greenwashing strategy
on Earth, as it often replaces more sustainable practices,
such as repairing, remanufacturing, reusing, and repurpos-
ing, thereby enabling continued patterns of production and
consumption without substantive change. Depending on the
spacecraft’s solar cells’ state, different scenarios could be
envisaged. Solar cells damaged beyond reuse, repair, or
remanufacturing might need to be recycled to retrieve their
material or fully decomposed to produce propellant. For oth-
ers, circular strategies for space applications, such as reuse
and repair, should be investigated [3, 9-12].
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6 Conclusion

Experimental routes investigating the feasibility of the use
of solar radiation, or solar thermal, to delaminate and anneal
spacecraft solar arrays were presented. The primary objec-
tive was to evaluate the potential for developing controlled
end-of-life processing techniques for spacecraft solar cells
in orbit. Demonstrating that the identified delamination and
annealing temperatures can be reached and maintained for the
required exposure durations provides an initial proof of con-
cept for the proposed approach. For the delamination process,
it is expected that increasing the thermal exposure dura-
tion will increase the likelihood and extent of both visually
observable and quantitatively measurable delamination. The
investigation establishes a foundation for future experimental
work aimed at quantitatively characterizing the delamination
and annealing of spacecraft solar cells. Finite element model-
ing of the thermal response during the experiments could be
used to optimize the experimental parameters and improve
understanding of the observed thermal processes.
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