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Abstract

The volume of end-of-life photovoltaic panels to be managed will increase considerably over
the next decade. In the context of an environmentally friendly circular economy, it is becoming
more than necessary to develop efficient recycling processes. In this context, a delamination
process using supercritical CO> was studied for the recycling of end-of-life photovoltaic
modules. The process studied in this work consists of a CO; absorption phase within the
encapsulating polymer at a pressure level followed by a rapid depressurization leading to the
foaming of the polymer. This foaming phenomenon leads to a loss of adhesion at the interfaces
of the foamed polymer. Using a systematic experimental protocol, the minimum effective CO»
temperature and pressure are determined for three various encapsulating polymers: an ethylene-
vinyl acetate, a polyolefin and an ethylene methacrylic acid ionomer. Based on this parametric

optimization, the levels of separation induced by SC-CO: foaming at the interfaces of these
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encapsulating polymers in photovoltaic modules are compared. SC-CO> treatment therefore
seems promising for the delamination of first generation photovoltaic modules and future
generations of high efficiency perovskite-based photovoltaic modules containing ionomers.
However, the results for the polyolefin indicate that SC-CO; treatment is less effective when

the encapsulating polymers do not containing CO»-philic groups.

Keywords: supercritical CO2, photovoltaic, recycling, polymer, separation

1. Introduction

Photovoltaic (PV) panels are an important component of the ongoing drive toward
decarbonised energy generation. Energy production from PV panels has been increasing
steadily since the early 2000s and is expected to reach 8,519 GW worldwide in 2050 [1].
However, PV panels only have a lifespan of between 25 and 30 years [2] and the mass of end-
of-life panels worldwide is expected to reach between 2 and 8 million tonnes by 2030 [2], with
currently no viable outlet.

Crystalline silicon-based PV panels account for almost 95% of the global market [3]. As of
2019, more than 90% had the same multilayer structure (Fig. 1) [3], with a glass plate on the
front side, a multilayer polymer backsheet and a crystalline silicon-based cell encapsulated in
an elastomer, typically ethylene-vinyl acetate (EVA). These modules are then stiffened by an
aluminium frame and electrically connected to a junction box in PV panels. Alternatives for the
encapsulating polymer have begun to emerge however. While EVA is still by far the most used
(90% of the world market in 2019) [3], the popularity of elastomeric polyolefins (POEs) is
increasing (just under 10% of market share in 2019) [3], and while ionomers are yet to be used
in mass-produced PV modules, they are considered the best option for next-generation high-

efficiency perovskite cells, which are highly sensitive to humidity [4].



Fig. 1. Schematic representation of the multilayer structure of a photovoltaic module
Recovering metals from spent PV cells is a major economic and environmental challenge.
In panels produced before 2014, which are now reaching the end of their lives, silver represents
about half (47%) the value per unit mass [2], and even for newer cells, the PV industry is
expected to consume almost 70 % of the world’s silver production by 2050 [5]. Meanwhile,
silicon purification accounts for between 30 and 45 % of the total energy cost of producing a
panel [6]. Separating the different layers of the module after removing the panel frame to
facilitate recycling therefore makes both ecological and economic sense. Separation processes
often involve combinations of mechanical [7,8], thermal [9-11] and/or chemical [12—15]
processes. The latter, widely described in the literature [7,8,16], are typically energy-intensive
(heat treatments), produce toxic effluents (liquid for chemical treatments, gaseous for heat
treatments), or are poorly selective (mechanical treatments). Therefore, the PHOTORAMA
project (PHOtovoltaic waste management — advanced Technologies of recovery & recycling of
secondary RAw MAterials from end-of-life modules) aims to find new pathways for PV
recycling, in a circular economy, using eco-friendly and innovative technologies in all the steps
of the global process, in particular for the separation step. The objective of this project is to
build a pilot line with a 1000 tons per year capacity, where two separation processes for

crystalline silicon-based PV panels are investigated: the cutting of the module with diamond



wire and the delamination using supercritical CO,. This paper is focused on the supercritical
CO; delamination process.

Developing an eco-friendly separation process is one of the greatest challenges in recycling
PV panels. Supercritical CO; (SC-CO») is an attractive prospect in this context because CO> is
a chemically non-contaminating, green solvent [17]. SC-CO> treatment is also a dry process
with minimal effluent generation that can be operated in closed circuit by recycling the CO».

The use of SC-CO2 with co-solvents has already been described in the literature for the
delamination of PV modules [18,19] and other multilayer technological waste such as electronic
cards [20,21]. The underlying principle is the same as in chemical delamination however, since
it is the co-solvents that dissolve and swell the polymers in the multilayer structure and SC-CO»
only acts as a carrier fluid to improve the diffusivity of the mixture and reduce the processing
time.

In contrast, SC-COz delamination process without co-solvent (Fig. 2a), as developed recently
in our laboratory [22,23] exploits CO>’s foaming effect on polymers (Fig. 2b). The resulting
mechanical stresses at the interfaces help separate the different layers of the PV module (Fig.

2c¢), allowing the different components to be recovered and recycled separately.
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Fig. 2. (a) Schematic representation of the different stages in the supercritical CO> delamination
process. (b) Deformation-induced separation at photovoltaic module interfaces during
depressurization. (c) Photograph of separated photovoltaic module layers after supercritical
COz delamination.

The aim of this study was to assess the efficiency of SC-CO; delamination for encapsulating
polymers other than EVA, in this case a POE and the ionomer ethylene methacrylic acid
(EMAA), to strengthen the performance of this process on the PHOTORAMA pilot line. Based
on our previous work on EVA, the versatility of the process was evaluated by measuring the
level of absorption of the CO; into the encapsulating polymer [22] and the foaming window for
the encapsulating polymer [23] as a function of its energy cost in terms of temperature, pressure
and duration. The solubility and diffusivity of the CO: in the encapsulating layer and foaming
parameters were measured with a custom-made high-pressure optical device. This methodology
would allow to propose guidelines for both recycling and ecological design of non-EVA PV
modules. A series of recommendations are proposed to optimize both the recycling and the

ecological design of non-EVA PV modules.



2. Material and methods

2.1.  Study methodology

Several sets of samples were prepared as detailed below (section 2.2). The minimum
treatment temperature was determined by measuring the melting temperature of each
encapsulating polymer in CO2 (section 2.3). The absorption of CO: in the encapsulating
polymer was evaluated in terms of the solubility and the diffusion coefficient of CO> (section
2.4.1). Solubility is a good measure of the affinity of CO: for the considered polymers and the
diffusion coefficient determines the contact time required to treat the PV modules in CO». The
minimum pressure was determined by measuring the threshold below which no bubbles form
within the encapsulating polymer (section §2.4.2). Together with the melting temperature, this
pressure was used to define the foaming window of each encapsulating polymer. Finally, the
adhesion losses induced at the encapsulating polymer/glass and encapsulating
polymer/backsheet interfaces were measured (section 2.5) to evaluate the efficacy of the

process for the considered polymers.

2.2.  Materials

The encapsulating polymers used in this study were EVA-28 (Fig. 3a; 600 um thick;
Guangzhou Lushan New Materials Co; Guangdong Province, China), an elastomeric POE (Fig.
3b; 600 pm thick; Mitsui Solar ASCE) and an EMAA ionomer (Fig. 3¢; 500 pm thick; Kunran
Seal PV 8729D). These three elastomers are rubbery at room temperature (T > glass transition
temperature), and cross-linked with peroxide-type units for EVA and the POE and ionic units

for EMAA.
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Fig. 3. Chemical structures of the studied encapsulating polymers: (a) ethylene-vinyl acetate,

(b) a polyolefin and (c) ethylene methacrylic acid.
The polymers were shaped into thick films for hot lamination (> 120 °C) and used in
Si-Al-BSF cells with a 3 mm thick soda-lime glass layer and a primer layer/PET/PVDF

backsheet. The different samples used in the study are listed in Table 1.

Table 1. Assemblies used to measure the specified parameters in the encapsulating polymers.

Sample Description Size Structure Parameters
Post-lamination removal 4 .
Laminated _G'aszﬂ& Melting
. 2 eflon temperature
S1 encapsulating 5x1cm | Encapsulant ] -
olymer sheets S ———— COz solubility
P . COadiffusivity
Post-laminationremoval 4
Glass 4
_ e TeflON®:
Backsheet , s ’ Threshold
S2 encapsulated 5x1cm l Encapsulant | pressure
sample R — Bubble radius
Backsheet
S3 Peeling sample 12 x 12 cm? o, p,ime,l.... Encapsulant Adhesion loss

Glass




2.3.  Melting temperature as a function of CO: pressure
The melting temperatures of the studied encapsulating polymers were measured in CO; as a
function of pressure by a high pressure differential scanning calorimetry (DSC) (Sensys Evo,

Setaram®), using the same protocol as described previously [22].

2.4.  Insitu optical observations
The behaviour of the encapsulating polymers at the different stages of the SC-CO:
delamination process was observed using an experimental high-pressure device coupled with

an optical setup described in detail elsewhere [22,23].

2.4.1.  Study of CO: absorption in the encapsulating polymer

Swelling experiments were performed on S1 samples (Table 1), at 150 bar and temperatures
close to the respective melting temperatures of the encapsulating polymers. The level of
swelling at equilibrium depends on the solubility of CO; in the encapsulating polymer (@4, in
cm? of CO, per cm® of encapsulating polymer) while the swelling kinetics depend on the
diffusion coefficient of CO; in the polymer (D, in m?-s™").

The change in polymer volume was measured as a function of the CO; pressure at fixed
temperature. In this context, the swelling percentage can be expressed in terms of the volume

fraction @, as follows [22],

oo_VO

)
x 100 = —=

Loy
Swelling (%) Vo 1= 0,

x 100 (1)

where I/, and V,, are the polymer volumes at the start of the experiment and at equilibrium,
respectively. The experimental swelling data were used to adjust the Sanchez-Lacombe
equation of state [24,25], yielding the solubility of COz> in the polymers as described previously
[22].

CO; diffusion coefficients in the polymers (D) were obtained from the measured volume

changes [26] using the solution of the Fick equation for diffusion across a sheet [27]:
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where V, is the polymer volume at time ¢ (s) and [ (m) is the thickness of the sample.

2.4.2. Polymer foaming measurements

The threshold foaming pressure at a given temperature was defined as the lowest pressure at
which microscopic bubbles formed in the polymers during depressurisation. In-situ bubble
observations were performed on S2 samples (Table 1), at temperatures close to the respective
melting temperatures of the polymers. A backsheet/encapsulating polymer/backsheet
arrangement was chosen instead of the backsheet/polymer/glass structure of actual PV modules
because the glass layer scatters and reflects light, which would have degraded the quality of the
images obtained. The extra backsheet was added as a barrier to limit CO; diffusion during
depressurisation (just as the glass layer would in a standard PV module).

The images of the bubbles (Fig. 4a) were binarized (Fig. 4b), segmented and labelled using

Image J® , to measure the size of their projected areas (Fig. 4c).

b. C.

X 3
J — -
20 um 20 pym

Fig. 4. Illustration of the image processing steps performed with Image J® on two bubbles: (a)

raw image, (b) the same image after binarization and (c) the extracted bubble contours.

Modelling the bubbles as spherical, the measured projected areas were converted to two-

dimensional equivalent radii (um) using the standard formula:



Projected bubble surface area (um?)

(©))

I

Radius (um) = \/

The bubble density was then calculated using:

Bubble density (m~?) = Number of bubbles detected “
HbRIE GEnSIY A )= Volume of encapsulating polymer (m3) )

where the volume of encapsulating polymer was estimated as the product of the observed area
and the focal depth (0.2 mm with this experimental setup). Characteristic bubble sizes were
measured at the time of maximum bubble density (see Supplementary Material), corresponding

to the end of the nucleation phase.

2.5.  Delamination experiments

Adhesion loss at the different interfaces of a PV module was measured as described
previously [23] after treating the samples (S3, Table 1) in SC-CO; for 6 hours at the lowest
possible temperature (the melting temperature of the respective polymers) and pressure
(150 bar, to ensure bubble nucleation in all three polymers).

The SC-CO; treatments were performed in a pilot reactor (Matcos 4&35, Separex®; internal
diameter, 190 mm) equipped with a 12 L autoclave (Fig. 5). The samples were positioned
vertically in the reactor. The highest possible depressurisation rate was used (2.7 bar's™!) to
maximize the mechanical stress induced by the foaming of the encapsulating polymers [23].
The system was controlled and the operating parameters were adjusted using computer

software.
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Fig. 5. (a, b) Photographs of (a) the pilot reactor and (b) the autoclave and (c) flow diagram of

the system.

The adhesion strength of the surfaces in contact with the encapsulating polymer layers was
measured before after SC-CO; treatment using 180° peel tests, performed on a universal testing
machine (S6800, Instron®). The loss of adhesion due to the SC-CO> treatment was calculated

from the measured values using Eq. (5),

PSggr — PScoz

Adhesion loss (%) = x 100 o)

where PSppr 1s the reference peel strength measured before treatment and PS.(, is the peel

strength measured after SC-sCO; treatment.
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3. Results and discussion

3.1. Melting temperatures

Below the melting temperature, the crystallites in the polymer act as nodes that limit
expansion during foaming. Increasing the processing temperature to near or above the melting
temperature lowers the stiffness of the polymer [28-30] and promotes expansion during
foaming [23,31], which maximizes the mechanical stress at the different interfaces and
therefore the level of delamination obtained. The melting temperature is therefore the minimum
temperature for effective SC-CO; delamination. Measurements were performed at different
pressures because melting temperatures in CO; can vary with pressure [32,33].

The melting temperatures of EMAA, EVA and the POE in CO; are 90, 75 and 60°C,
respectively. Fig. 6 shows that these values vary little with pressure, decreasing by just 2 to 6°C
between 0 and 150 bar. Note that measurements for the POE could not be performed above 73.8
bar because the melting peak of this polymer is too close to the critical point, which prevents

the measurement of a sufficient reference baseline [33].
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Fig. 6. Melting temperatures of the studied polymers (ethylene-vinyl acetate (EVA), a
polyolefin (POE) and ethylene methacrylic acid (EMAA)) as a function of CO: pressure. Lines

are added to guide the eye.

Subsequent experiments were therefore performed at 60°C for the POE, 75°C for EVA and
90°C for EMAA.
3.2. CO:; absorption into the encapsulating polymer

3.2.1. CO: solubility
The swelling curves obtained for the POE and EMAA are compared with those measured

previously for EVA [22] in Fig. 7.
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Fig. 7. Experimental swelling curves (points) and fits with the Sanchez-Lacombe equation of
state (lines) for (a) ethylene-vinyl acetate (EVA) and a polyolefin (POE) at 60°C and (b) EVA

and ethylene methacrylic acid (EMAA) at 90°C.

The parameters used to fit the data with the Sanchez-Lacombe equation of state are shown
in
Table 2 [22] [34] [35]. The experimental data are well modelled by this equation, with a

relative deviation of just 5.1% for POE and 4.5% for EMAA.
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Table 2. Parameters of the Sanchez-Lacombe equation of state for CO> and the different

polymers studied

Parameters CO, EVA POE? EMAAPb
M:; (kg-mol ™) 0.044 35 90 76
Ti* (K) 300 635 665 662
Pi* (MPa) 650 460 341 499
pi* (kg'm’3) 1515 945 880 950

60°C  —0.013 (2.9 %) 0.000 (5.1 %)
Ki(AARD%)  75°C  0.007 (5.5 %)
90°C  0.025(11.1 %) 0.033 (4.5 %)

EVA, ethylene-vinyl acetate; POE, polyolefin; EMAA, ethylene methacrylic acid; Kjj, binary
interaction coefficient; AARD, average absolute relative deviation
abased on values for high-density polyethylene [35]

bbased on values for ethylene ethyl acrylate [35]

The binary interaction coefficient (Kij) reflects how much the system deviates from ideal
behaviour and provides information on the chemical affinity between CO> and the studied
polymers, with lower values indicating greater affinity [36]. This parameter varies with
temperature [37] so the measurements with EVA were repeated at the melting temperatures of
the POE and of EMAA. The lower values obtained (Table 2) show that EVA has a greater
affinity for CO> than do the two other polymers.

The volume fraction of CO: in the three polymers as a function of pressure (Fig. 8) was

obtained from the fits to the Sanchez-Lacombe equation of state.
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Fig. 8. Volume fraction of CO; in the studied polymers (ethylene-vinyl acetate (EVA), a

polyolefin (POE) and ethylene methacrylic acid (EMAA)) as a function of CO; pressure.

In keeping with the values obtained for Kj; (Table 2), Fig. 8 shows that at 60°C, CO- is nearly
two times less soluble in the POE than in EVA, but is only slightly less soluble in EMAA than
in EVA at 90 °C. These results also show that the solubility of CO; in the different polymers
increases only increases slightly above 130 bar.

The lower solubility of CO> in the POE, and to a lesser extent in EMAA, than in EVA, can
be explained by the absence of carbonyl groups in the former (Fig. 3). Indeed, the strong Lewis
acid-Lewis base interactions between the carbon atom in CO; and the carbonyl oxygen [38,39]
promotes the absorption of CO; into EVA. In contrast, the Lewis acid-Lewis base interactions
between the hydrogen atoms of the ethylene units and the oxygen of CO; are much weaker [39].
For EMAA, the carboxylate group appears to play the same role as carbonyl in increasing the

polymer’s affinity for CO>. However, these groups are less accessible than carbonyls because
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the ionic interactions in EMAA lead to the creation of dense zones that limit the penetration of

SC-CO; [40].

3.2.2. CO: diffusivity

Fig. 9 highlights the difference in swelling kinetics between the studied polymers. The
experimental curves were fitted using the Fick diffusion equation (Eq. 2) to obtain the CO»
diffusion coefficients in the studied polymers [22]. The diffusivity of COx> is about three times
lower in the POE and thirteen times lower in EMAA than in EVA. These differences are
consistent with the differences in CO/polymer affinities discussed above. These much lower
diffusion constants may be a limiting factor for SC-CO> delamination of PV modules composed

of POEs or EMAA, because they imply much longer treatment times.

& Bho ‘3‘%‘;?
-ﬁ?f’%‘ﬂ ."‘ﬁ'.‘-“-.. I oW B

AV/ AV,
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:E_: EVA - fit [22]

g - POE

wesee POE - fit

EMAA ionomer

= = «EMAA ionomer - fit

0 05 1.0 1.5 2.0
Time (h)

Fig. 9. Swelling kinetics of the studied polymers (ethylene-vinyl acetate (EVA), a polyolefin

(POE) and ethylene methacrylic acid (EMAA)) measured at 150 bar and temperatures close to
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the melting point (60°C for POE, 75°C for EVA and 90°C for the EMAA). The solid lines are
fits to the Fick diffusion equation (Eq. 2) and the corresponding CO» diffusion coefficients (D)

are shown alongside.

3.3.  Threshold foaming pressure

Fig. 10 shows images of the bubbles formed in the three polymers at a pressure of 150 bar
and a depressurisation rate of 1.7 bar's™!. The clear differences in the size and density of the

bubbles illustrate the distinct behaviours of each of the polymers in SC-COs,.

POE EMAA lonomer

Fig. 10. Optical micrographs of the bubbles formed at 150 bar and 1.7 bar's™" in (a) EVA at

75°C, (b) the POE at 60°C and (c) EMAA at 90°C.

The average radii of the bubbles (R_eq in m) are plotted as a function of the bubble density

(dpuppie in m3) in Fig. 11 for the three polymers These curves were fitted using an empirical

relationship (Eq. 6), which is independent of the operating parameters:
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S 31/d 31/d
Roq (/dpuppie) = Ay exp (— M) + Aexp (— M) + Ry (6)

b, b,

These fits were used to calculate the average minimum equivalent radius (R,
of the bubbles in each polymer, 0.2 um in the POE, 1.5 um in EMAA and 4.2 pm in
EVA. This information is important for delamination applications, because previous
results suggest that to achieve layer separation, the bubbles formed must be smaller

than the microstructural features of the adhering material [23].
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Fig. 11. Average equivalent bubble radius as a function of the cube root of the bubble density
measured for the studied polymers close to the melting temperature at pressures of 100-200 bar

and depressurization rates of 1.0-2.7 bar-s™!. The solid lines are fits using Eq. (6).

Fig. 12 shows how the size of the first bubbles formed evolves as a function of pressure in
the studied polymers. The experimental data were fitted to a negative exponential function
similar to the classical nucleation relationship between bubble density and pressure applied to
polymer foaming in SC-CO» [41-43]. Here, these curves help identify the threshold pressure

below which no bubbles are formed by homogeneous nucleation in the three polymers: roughly
19



100 bar for the POE, 120 bar for EMAA and about 140 bar for EVA. These are the lowest

pressures at which SC-CO» delamination processes should be performed for these polymers.
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Fig. 12. Average radius of the first bubbles formed as a function of pressure at a fixed

POE

EMAA
lonomer

temperature (close to the melting point of the polymers) and depressurisation rate (1.7 bar-s™")
in ethylene-vinyl acetate (EVA), a polyolefin (POE) and ethylene methacrylic acid (EMAA).

The solid lines are fits to a negative exponential function [41-43].

3.4.  Separation at photovoltaic module interfaces
Fig. 13 compares the adhesion loss at the two interfaces of each polymer after SC-CO;
treatment at the lowest possible temperature. At the polymer/backsheet interface, the adhesion

loss was greater than 80% in each case, probably because the backsheet primer layer is made

20



with EVA and is affected in a similar way by the SC-CO; treatment for all three encapsulating
polymers. This result is important because the presence of fluorinated polymers in backsheets
is the main limitation for the use of thermal processes in PV module recycling, to avoid the
release of highly toxic gases (fluorocarbon, hydrofluoric acid...) [9]. However, removing the
backsheet thanks to a brief SC-CO; treatment would allow the remaining, partially attached
encapsulating polymer to be removed effectively from the cell by subsequent thermal treatment

(Fig. 2c¢).

[ Glass/encapsulating layer
7] Backsheet/encapsulating layer

Adhesion loss (%)

POE EMAA
lonomer

Fig. 13. Adhesion loss (%) at the encapsulating layer/glass and encapsulating layer/backsheet
interfaces of ethylene-vinyl acetate (EVA), the polyolefin (POE) and ethylene methacrylic acid
(EMAA) at the respective melting temperatures (60°C for POE, 75°C for EVA and 90°C for
the EMAA), a pressure of 150 bar, a depressurization rate of 2.7 bar's™!, and a treatment time

of 6 h.

The separated interfaces were characterized by Raman spectroscopy to identify the

delamination type that occurred by looking for the spectral signatures of encapsulating layers
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(see supplementary material) on separated materials (glass or backsheet). All separations were
interfacial. At the polymer/glass interface, complete separation was obtained for EVA and
EMAA (Fig. 13). The loss of adhesion was much lower at the POE/glass interface, in keeping
with the lower affinity and solubility of CO2 in the POE, which limit the expansion of the
polymer and the induced mechanical stress during depressurization. This result highlights the
importance of considering the chemical structure of the encapsulating polymer before
performing SC-CO> delamination. One possibility to improve separation at POE/glass
interfaces may be to increase the temperature of the treatment, to increase the flexibility of the

polymer and promote expansion [23].

4. Conclusion

The performance of SC-CO> treatment for the delamination of PV modules with EVA,
a POE or EMAA encapsulating layers was characterized using a well-defined study
methodology. The minimal treatment temperature for each polymer was determined by
measuring the respective melting temperatures: approximately 60°C for the POE, 75°C for
EVA and 90°C for EMAA. The treatment times required for each polymer were estimated from
the CO; diffusion coefficients in the polymers, 13 x 107" m?>:s7! for EVA, 4 x 107" m?-s™! for
EMAA, and 1 x 107 m?>:s”! for the POE, obtained by fitting experimental swelling kinetics
curves. Finally, the minimal treatment pressure for each polymer was deduced from
measurements of the threshold pressure for bubble nucleation, which was estimated at 100 bar
for the POE, 120 bar for EMAA and about 140 bar for EVA.

Separation experiments on PV module interfaces showed that the efficiency of the SC-
CO; process depends on the affinity of CO; for the encapsulating polymer, which was high for
EVA, intermediate for EMAA, and relatively low for the POE. SC-CO> treatment therefore
seems promising for the delamination of first generation EVA-based PV modules and future
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generations of high efficiency perovskite-based photovoltaic modules containing ionomers
such as EMAA. However, the results for the POE indicate that SC-CO; treatment is less
effective when the encapsulating polymers do not containing CO:-philic groups. A limitation
of SC-CO; delamination for PV modules is therefore that its efficiency depends on the chemical
structure of the encapsulating polymer(s). Conversely, this limitation could be taken into
account in the design of PV panels and other sources of electronic waste to facilitate end-of-

life recycling, which is often hindered by a lack of standardization.
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