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Abstract

In the objective to develop an efficient circular economy with a low environmental impact in the
photovoltaic field, the supercritical CO: delamination of photovoltaic modules is an interesting
alternative way. This paper describes the first phase of this process: the CO2 absorption into
poly(ethylene-co-vinyl acetate) (EVA-28) in the photovoltaic multilayer structure. The melting
temperature of EVA-28 in CO2 medium was determined by high-pressure differential scanning
calorimetry for pressures ranging from atmospheric pressure to 150 bar. This thermodynamic phase
equilibrium of the mixture EVA-28/CO2 was determined by the Sanchez-Lacombe EoS modified to take
into account the crystallinity and the cross-linking of the polymer. This model was applied with great
agreement to swelling experiments for pressures ranging from 60 to 200 bar at temperatures of 60, 75
and 90°C. The diffusion coefficient of CO2 into EVA-28 was determined in the same conditions ranging
at 130 bar, from 4 x109 m2.s1 (60°C) to 7x10° m2.s'1 (90°C). The impact of different interfaces of
photovoltaic modules on the CO: diffusivity into the EVA-28 was studied by an original method of
apparent length of diffusion post treatment. This experiment demonstrated a preferential diffusion at the
rear side of the cell interface due to an important porosity and at the “backsheet” interface due to
favourable interactions.

1. Introduction

The increase in demand of energy all around the world coupled to the willingness to develop renewable
energy production generate an important growth of the electrical energy production from solar sources
using photovoltaic panels (PV) since the early 2000s. This growth is expected to continue and estimated
to reach between 7,6 and 22 TWp of installed PV in 2050 [1]. The first generation of photovoltaic panels
installed are now coming to the end of their life. The cumulative mass of end-of-life PV panels
worldwide is expected to reach between 2 and 8 million tonnes by 2030 [2]. In this context of growth in
energy demand using solar energy and with a view to a circular economy to recover valuable materials,
it becomes more than necessary to develop efficient, cost-effective and eco-friendly recycling processes.
Installed PV panels are mostly based on crystalline silicon PV cells. Until 2016, more than 80% of
installed PV panels were based on the Si-Al-BSF cell technology [3]. However, cell technologies evolve
very rapidly meaning that the recycling techniques must be versatile to adapt to new technologies
developed.

A crystalline silicon-based photovoltaic panel is defined as the assembly of the photovoltaic module
stiffened by an aluminium frame and managed electrically by a junction box. PV module structure
consists of a set of electrically connected crystalline silicon-based cells encapsulated in an encapsulating
polymer between a glass front face and a rear face in polymer sheet (“backsheet”) (Figure 1). In more
than 90% of PV panels, in 2019 [1], encapsulating polymer used was the EVA - poly(ethylene-co-vinyl
acetate). The “backsheet” is a multilayer assembly of polymers. It generally consists of a polyethylene
terephthalate (PET) layer in adhesion between two layers of fluoropolymer such as polyvinyl fluoride
(PVF).
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Figure 1: Photovoltaic module’s constitution
Technologies developed to recycle these modules consists on multi-stage processes [4]:

(1) First a pre-treatment to remove the aluminium structure and the junction box,

(2) A coupling of thermal [5], [6], chemical [7]-[9] or mechanical [10] routes to delaminate the
multi-layer structure (silicon cell/glass/backsheet/EVA) and

(3) A specific chemical treatment to extract the valuable metals (Ag, In, Si...) from the silicon cell
[11]-[14] or to recycle silicon [15].

The use of chemical processes for the delamination step (2) need organic solvents, to dissolve EVA
(mainly in temperature or coupled with ultrasound or mechanical stirring). These solvent are difficult to
recycle and moreover, the reaction time is relatively long (>1h for pieces with a width of 3cm) [7].
Thermal treatments at high temperature (=500°C) to decompose EVA to separate glass and cell requires
a long residence time (>3h for pieces of 5x5cm2) to allow decomposition of EVA inside the module [6].
In addition, the decomposition of polymers generates toxic gaseous compounds (HF from “backsheet”
and CO) requiring a complex step of gaseous post-treatment [5]. The gaseous effluents considerably
impact the life-cycle analysis of the global recycling process [4]. The mechanical treatments are
generally poorly selective for the material separation and generate a loss of valuable materials like silver
or indium [10]. For an efficient circular economy with a low environmental impact, we propose the use
of supercritical CO2 (SC-COz2) based process as an alternative way for recycling end-of-life photovoltaic
panels.

The delamination in SC-CO:2 of PV modules, consists on separating the different layers of the structure,
layer by layer, without breaking the glass and contaminated the valuable materials. The study of the
delamination of photovoltaic modules in a SC-CO2 medium focuses on the separation of the EVA
encapsulant from the various components to which it adheres. The process consists on a phase of CO:
absorption within the polymer at a pressure above the critical pressure followed by a rapid
depressurization (from 1 bar.s™1to 300 bar.s?1) leading to the foaming of the EVA. As observed for other
polymers, this foaming phenomenon leads to a loss of adhesion at the interfaces of the foamed polymer
[16], or even delamination [17].

This paper focuses on the first phase of the SC-CO2 delamination: the CO: absorption into the EVA in
photovoltaic modules. The CO2 absorption into polymers is widely described in the literature [18]-[21].
The specific case of EVA was studied by Shieh and Lin [22] for different grades, i.e. for different
percentages by weight of vinyl acetate group in the polymer constitution, EVA-16, EVA-18, EVA-25
and EVA-28 between 25°C and 52°C until to 340 bar and by Jacobs & al. [23] for EVA-40 between
50°C and 75°C until to 250 bar. However, the CO absorption into a polymer in a multilayer structure
is not described. For a gas absorption into a polymer two aspects are basically considered: the phase
equilibrium of COz2/polymer (solubility) and the kinetic absorption of CO: into the EVA (diffusion
coefficient). In this study, we consider also the role of interfaces that impacts the absorption of CO2 into
the polymer.



2. Experimental

2.1.  Materials

The EVA wused in this study is an EVA-28 from STRE. This copolymer is made by radical
polymerisation and shaped in the form of films (600um in this work) containing cross-linking agents
(peroxides) for use by hot lamination (> 120°C) in photovoltaic modules. EVA is in its native state a
semi-crystalline rubbery polymer at ambient temperature (Ta>Tg). The constituent units derived from
ethylene tend to organise themselves and form crystalline phases. On the contrary, the constituent units
derived from vinyl acetate, due to their steric hindrance, tend to limit the organisation of
macromolecules. The cross-linking agents are activated during the PV module assembly process and
enable the formation of a three-dimensional network, i.e. cross-linking, through the formation of
covalent bonds between the EVA macromolecules. Therefore, EVA within PV modules is a semi-
crystalline cross-linked rubbery polymer. The characteristics of the EVA-28 used in this work were
determined in a previous work [24] and are summarized in Table 1.

% VA % VA
o o 0 -1
Grade (massic)  (molan) Tg(°C) Tm(°C) XKc(%) M (kg.mol?)

EVA 28 27,5 10,8 -37 75 17 35
Table 1:EVA characteristics (data from [24])

The backsheet used is constituted as follows: PVF/PET/PVF. The glass used is borosilicated and has a
thickness of 3mm. PV cells used in this work are based on Si-Al-BSF technology and have a thickness
of 200um.

Carbon dioxide (> 99.99% purity) was provided from Air Liquide.

2.2.  Determination of EVA’s melting temperature in function of CO; pressure

The melting temperature of EVA in function of CO: pressure was determined by using a HP-DSC
(Sensys Evo, Setaram) for in-situ measurement with high-pressure crucibles. The schematic of this
system is shown in Figure 1. The gas pressure was increased to the required level using an ISCO 260D
syringe pump.
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Figure 2: Scheme of HP-DSC set-up - A is the reference crucible and B the measurement crucible

The procedure described by Huang & al. [25], applied to measure melting and glass transition
temperatures for various polymers (PLA, PS, iPP and PC) under CO- pressure, was used here for EVA-
28. The samples mass used were weighted of about 10 mg.



2.3.  Swelling experiments
This technique consists on following in-situ the volume variation of a polymer during the CO:
absorption. The swelling of the sample (AV/V,) is related to the volume fraction of CO2 within the
polymer (@,) or can be seen as the CO2 solubility in the polymer (in mol/mol) (1).

AV
V, 1 ?1(25 M
0 1

This method requires the use of a high-pressure cell composed of transparent sapphire windows allowing
the measurement of the dimensional variation of the surface or thickness of a sample, using a camera
[26]. The setup used for swelling experiments is shown in Figure 3. The CO2 was supplied thanks to a
CO: bottle connected to a high-pressure pump (Pump HPP400-B from SFE process) equipped with a
pressure regulation system and connected to a chiller (PCNO21.01-NED from National Lab). The pump
has a maximum operating flow rate of 50 g.min-t. The operating flow rate was set at 20 g.min-t for
pressure transients. The CO2 was heated up before entering in the visualization cell thanks to a heat
exchanger.
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Figure 3: Scheme of the experimental setup used for swelling experiments

EVA samples were loaded in advance into the high-pressure cell (A0O85FR from SFE Process) with a
volume of 74 mL (Figure 4.(a)) in which they are contacting with supercritical CO2. The cell has a
maximum operating pressure of 300 bar and a maximum operating temperature of 100°C. The cell is
equipped with four heating rods, two thermocouples of type K (one in the cell shell and one in the cell)
and one pressure transducer. They are all connected to a PID control system (nanodac) for temperature
control.

The optical set-up (Figure 4.(b)) designed to measure swelling is a backlight set-up in which the
visualization cell is placed between the camera and the lighting. The lighting used is a 150x40mm LED
panel (long lasting ultra-bright backlight from Phlox) with a luminance of 18,000 cd/m? and an
uniformity > 95%, ensuring an homogeneous illumination of the entire sample. Opposite, acolor camera
(Thorlabs, 1280x1024 square pixels of 3.60 um on a side) associated with a high magnification lens
(Keyence standard zoom lens, magnification x20 to x200) allows the acquisition of images.
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Figure 4: (a) The schematic diagram of the high-pressure cell and (b) a photography of the optical set-up designed for
swelling experiments

Each series of measurements corresponds to the acquisition of an EVA swelling cycle for considering
an isotherm and a pressure evolution (Figure 5 (b)) in 15 minutes steps. Swelling process lasted up to
1,5h for all experiments. The acquisitions were performed at a variable frequency of 10 frames per
second (fps) during pressure transients and 0,2 fps during pressure stages. The image processing is
relatively simple and is based on 3 steps. The images are first transformed into a binary image and
thresholded with respect to a background level calculated from the average light intensity measured in
a 50x50 pixels square in the top left corner of the image (Figure 5.(a)). Six transversal profiles (y=cste),
regularly positioned along the x-axis as shown in Figure 5.(a), are then extracted from the binarized
image. On each of these profiles the non-zero pixels are finally counted to measure the thickness of the
sample on the considered profile. The image processing process is fully automated and allows the
processing of one acquisition (~4700 images) in 5 minutes on a standard computing machine (Intel Core
i7 at 2.60 GHz, 16 GB ram).
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Figure 5: (a) Edge view of the EVA and (b) example of the evolution of the profile P3 (red profile on (a)) over the course of
the experience)

The six profiles measured by image processing are averaged and the measurements are repeated three
times per isotherm experiment in order to calculate a standard deviation. The equilibrium swelling is
calculated from the average of the last 10 images of the pressure stage.

2.4.  Sanchez-Lacombe equation of state

The Equation of State (EoS) given by Sanchez-Lacombe [27] (2) is one of the most widely used
equations to determine the phase equilibrium of a polymer/fluid mixture. This EoS allows to predict the
absorption of a fluid into a polymer according to pressure and temperature conditions using three
intrinsic parameters of polymer, without free parameters. This EoS is valid for liquid polymers of high
molecular weight (> 8 000 g.mol1) meaning that the solubility of the polymer in the fluid can be assumed
to be equal to zero. However, this is also valid for solid amorphous polymers when the working
temperature is higher than the glass transition temperature (Tg) [28]. To determine this EoS, Sanchez
and Lacombe introduce the concept of free volume inside the polymer structure [27]. This EoS is the
following:

PP+B+T[Ina-p+(1-1)sl=0 )



Where 7 is the ratio of occupied sites; P; = p /P.* and T; = T/T.* respectively the reduce pressure and
L l

reduce temperature. Where Pi* and Ti* corresponds respectively to a characteristic pressure and

temperature of the studied compounds (Table 2), and P and T respectively the studied pressure and

M, P
temperature; and r = an

*pi refers to the number of occupied sites where Mn corresponds to the molecular
weight of the compounds (kg.mol?) and p* the density of the compounds (kg.m3).

Thus, each compound, fluid and polymer, can be entirely defined from only three characteristic
parameters (Pi*, Ti*, p *). Table 2 reports the values of these parameters for CO2 [29] and EVA. Here
we calculated these parameters for EVA-28 (28%wt EVVA) by interpolation from SL parameters defined
for PEHD (0%wt VA) [27], EVA-40 (40%wt VA) [23] and PVAc (100%wt VA) [27] thanks to the
density (p*) of each of the polymers.

Parameter Carbon dioxide [29] EVA-28
M (kg.mol ™) 0,044 35
Ti* (K) 300 635
Pi* (MPa) 650 460
p* (kg.m>) 1515 945

Table 2: Sanchez-Lacombe parameters

Cross-linking induces intermolecular covalent bonds that limit the absorption of a fluid into a polymer.
Thus, it must be considered in the thermodynamic model that EVA encapsulant of photovoltaic modules
are cross-linked polymers. The modified Sanchez-Lacombe model allows to take into account the cross-
linking of a polymer [30]. It integrates a cross-linking factor (f) which depends on the molecular weight
between 2 cross-linking nodes (Me) and takes into account the volume variation linked to the cross-

linking (ag) (4).
1 2M
- (12" @)
I=wu (1 )

e Mn
Where M is the molecular weight of the polymer (kg.mol-1).

Thus, the modified Sanchez-Lacombe EoS (2) for the cross-linked polymer/fluid mixture (4) is the
following:

— s s ) )] 2
p2+P+T[1n(1—ﬁ)+<1—r—1)ﬁ+r—2ﬁ<asz—]—c)]=0 (4)
1 2
Where @, as already described corresponds to the volume fraction of the fluid (CO2) and @, =1 — @,
the volume fraction of the polymer (EVA); r1 and r2 refer to the number of sites occupied respectively
by the fluid and the polymer. P = p / p+ With P* the characteristic pressure of the mixture composed of

the fluid and the polymer calculated from the characteristic pressure of pure compounds, the volume
fraction of each compounds and k;; (6), an adimensional binary interaction parameter to evaluate the

deviation from ideality. It is usually evaluated as a function of temperature.

P* =®1P1*+¢2P2*+®1®2(P1*P2*)1/2(1_kij) ()
In addition, EVA is a semi-crystalline polymer of low crystallinity (Xc=0.17). The mechanical effect of
the crystalline phases can be assimilated to that of a cross-linking network. The crystalline phases can
be considered impermeable to the penetrating species. Thus, the CO2 solubility (mol.mol?) within the
semi-crystalline polymer (@sc) can be corrected from the weight percentage of crystalline phases (X)
and the CO2 solubility within the polymer in its amorphous phase (@am) (6) [31].



Dse = (1 = X)Dam (6)
Where @,,,, = @,, previously introduced.

2.5.  Diffusion coefficient
The mathematical theory of diffusion proposed by Fick in 1855 is based on the hypothesis that the rate
of transfer of the diffusing substance across the unit area of a section (F) is proportional to the
concentration (C) gradient_-measured normally with respect to the section (7).

aC
F(t) = —D— ()
X
Where D refers to the diffusion coefficient (m2.s1)

Crank solves the diffusion equations proposed by Fick for different geometric forms and boundary
conditions [32]. These solutions allow the determination of the diffusion coefficient, in particular
through experimental monitoring of the mass of the system under study. For a sample with a "flat sheet"
type geometrical shape, and with an uniform initial pressure at the surfaces, the mass of fluid absorbed
within the polymer at time t (M¢ in kg) is expressed as a function of time (t in s), of the diffusion
coefficient (D in m2.s1) and of the thickness of the sample (I in m) (8).

o8]

M =1- z Lexp(—D(Zn + 1)%m?t /41%) (8)
M,, £ (2n + 1)%m?

Where M, corresponds to the weight saving of the polymer at equilibrium

To determine by volumetric measurement the diffusion coefficient, we assume that the solubility of the
polymer in COz is null. Thus, it is possible to relate the variation in volume to the variation in mass (9)
and to use mathematical solutions to the diffusion equations [26].

Vi-V _ M,
Voo = Vo B m
2.6. Interface diffusion experiments
It is possible to determine an interface diffusion coefficient (D;,,; in m2.s1) depending on the nature of
the interfaces between the polymer and another materials of the photovoltaic module. Indeed assuming

a Fickian diffusion, the diffusion length of the CO: at the interface (L in meter) is proportional to the
square root of the time (t in second) multiply by the “interface™ diffusion coefficient (Dintin m2.s'1) (10).

L & Djpet (10)

For this purpose, various samples were produced to study each of the interfaces isolated. The structure
is as follows: material studied/EVA/material studied. The materials respectively studied were the glass,
the front side of the cell, the rear side of the cell and the “backsheet”. These samples were treated with
supercritical CO2 with different contacting time. The length of diffusion is apparent thanks to the
foaming caused by the rapid and always identical depressurisation carried out at the end of the treatment.

©)

By carrying out different contacting times for each of the interfaces, it is possible to measure the
interface diffusion length (red arrow in Figure 6), by measuring the length between the edge of the
structure and the bubble front (diffusion front), to determine the interface diffusion coefficient (D;,;)
for each of the interfaces (11).

L?> = Dip t + b, (11)
Where by is a constant determined experimentally for each interface.



An example of the method is shown in Figure 6 for backsheet/EVA/backsheet samples.
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Figure 6: Interface advance of the front of diffusion over time (example for backsheet/EVA/backsheet samples)

2.7.  Scanning electron microscopy
The morphology of the rear side of the cell was determined with a Scanning Electron Microscope FEI
Inspect S50 equipped with Bruker Nano Quantax EDS detector.

3. Resultsanddiscussion

Firstly, the melting properties of EVA under CO: pressure will be presented. This characterization
enables to describe precisely, thanks to SL EoS correlated to swelling experiments, the phase
equilibrium CO2/EVA in function of pressure and temperature by distinguishing the behaviour before
melting start, in the melting range and after melting end. Then, the diffusivity of COzinto EVA measured
by swelling experiments will be presented in function of pressure and temperature. After characterizing
the CO2 absorption into EVA alone, the influence of the different PV module interfaces will be presented
in the aim to define which interfaces are kinetically limiting or favourable.

3.1.  EVA’s melting under CO; pressure

As described in paragraph 2.1, the EVA used for solar applications is cross-linked and semi-crystalline.
The presence of crystalline or non-crystalline phases, considered at first sight to be impermeable to COo,
modifies the absorption of CO2 within the polymer. In addition, the temperature range at which
photovoltaic modules are treated with SC-CO: (60-90°C) contains the melting range of EVA-28 at
atmospheric pressure (70-80°C). Moreover, CO2 can lower the melting temperature of polymers [25].
Therefore, it is necessary to know the melting range of EVA under CO2 pressure. Figure 7 identifies the
melting start, the melting peak and the melting end. The melting peak of EVA is slightly lowered in the
presence of CO: (between 1°C and 5°C). Moreover under CO2 the melting zone is reduced, i.e. the
melting start temperature is slightly increased (about 5°C) while the melting end temperature is more
significantly lowered, by about 7°C (from 85°C to 78°C) from 60 bar. These measurements are similar
to those performed on EVA-25 samples by Sarver et al [33]. The results from DSC measurements,
during the heating phase at 10°C.min-1 are summarised in Figure 7 in the form of a pressure/temperature
phase diagram of the EVA.
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Figure 7: Phase diagram of EVA under CO, pressure



According to these results, we can conclude that EVA in the presence of CO: at a pressure above 60 bar
is semi-crystalline with a crystallinity rate of 17% (Xc=0.17) below 68°C and amorphous (X=0) from
78°C onwards. Within the melting range, a partial melting of the crystalline phases is considered, which
results in an intermediate degree of crystallinity.

3.2.  CO;absorption into EVA at equilibrium - Solubility

The CO: absorption into EVA at equilibrium was determined by means of swelling measurements
(paragraph 2.3). The equilibrium swelling of the EVA was determined as a function of CO2 pressure
and temperature. These experimental measurements are compared with the results obtained from the
Sanchez-Lacombe equation of state. Figure 8 shows the results of swelling as a function of pressure
obtained for measurements outside the melting range (below at 60°C and above at 90°C). Results of the
modelling (from the SL EoS) are also shown on this figure.
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Figure 8: Swelling measurements and Sanchez Lacombe EoS fitat 60°C (below T,,) and 90°C (above T,,) and line obtained
by calculation using SL EoS

The binary interaction parameter (Kij) changes as a function of temperature (-0.012 to 60°C and 0.024
to 90°C). This has been adjusted by minimising the average absolute rate deviation (AARD%) (Table
3). Determination of the binary interaction parameters at 60°C and 90°C made it possible to set the
binary interaction parameter at 75°C by linear regression (12).

K;; = 0,0012T — 0,0833 (12)
With T the temperature (°C).

At 60°C, the equilibrium swelling increases significantly up to 100 bar before increasing more slowly
thereafter. The equilibrium swelling at 60°C is approximately twice as high as at 90°C for all
measurements. Figure 9 shows the results obtained for measurements performed at 75°C, i.e. within the
melting range of EVA-28.
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Figure 9: Swelling measurements (+) and Sanchez-Lacombe EoS fit for different crystallinities (Xc=0 — amorphous; 0,10
and 0,17)

For 75°C, different calculations based on the SL EoS were made for different crystallinities (Xc=0; 0.10
and 0.17). The measurements made are closer to the curve plotted for Xc=0.10 with an AARD of 5.5%.
Table 3 summarized the SL parameters and the AARD for the different temperatures.

Temperature (°C) Kij X AARD (%)
60 -0,012 0,17 2.9
75 0,008 0,10 55
90 0,024 0 11,5

Table 3 : The crystallinity (Xc), the SL binary interaction parameters (K;;) and the average absolute rate deviation (AARD)
fromthe SL EoS

The results of swellings at equilibrium are much lower (about half as much) than those of Jacobs & al.
[23] obtained with an EVA-40. Firstly, this difference can be explained by the difference of EVA used
EVA-28 here and EVA-40 in Jacobs et al., meaning a difference of crystallinity. Indeed, when the mass
fraction of vinyl acetate is increased the crystallinity decreases [24]. Therefore, the EVA-28 is more
crystalline than the EVA-40 and has less area to solubilise COg, leading to a lower swelling. This effect
has been well described by Shieh and Lin for different EVA with different VA ratio [22]. Moreover, the
polymer used by Jacobs & al. was uncrosslinked while cross-linking limits swelling.

After having fitted the binary interaction parameters (K;;) and the degree of crystallinity (X.) by

validation with swelling measurements, SL EoS allows to give relevant information for process
operating parameters definition and sizing. Especially this modelling can predict the quantity of CO:
absorbed in the polymer which is an important information to describe the EVA foaming with the aim
to delaminate a PV module. As an example, Figure 10 shows the calculation of the variation of mass
fraction of CO2 absorbed at equilibrium into EVA in function of pressure and temperature.
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Figure 10: CO, mass fraction absorbed into EVA at equilibriumaccording to SL-EoS for different temperatures (60°C, 75°C
and 90°C)

Therefore, a lower temperature (60°C), even considering the melting, is favourable to the absorption of
a greater quantity of CO2 within the EVA, about twice as much at 60°C as at 90°C for the pressures
higher than 100 bar. For 75°C, the CO2 mass fraction absorbed within EVA is intermediate but closer
to the 90°C plot. In addition, the good correlation of the SL EoS with the experiment can be used to
extrapolate data in pressure and temperature with an incertitude about the crystallinity in the melting
range. As described in paragraph 1, the thermodynamic equilibrium is one aspect of the CO. absorption
within a polymer, but absorption kinetics is also important for estimation of the necessary duration to
treat a PV module with the aim to delaminate it. In addition, the swelling experiments can also be used
to determine the diffusivity of CO: into EVA by considering the pressure change steps.

3.3.  CO;absorption kinetic into EVA - Diffusivity
Swelling measurements by dynamic acquisition during pressure change steps allow the determination
of the diffusion coefficient thanks to a fit from the mathematical crank solution for a “plane sheet" type
geometric shape (8). Figure 11 shows examples of Crank’s plane sheet geometry fit at 75°C for different
pressures. On Figure 11, the pressure-dependent change of slope is visible.
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Figure 11: Examples of Crank's plane sheet geometry fitat 75°C for 80 bar, 130 bar and 150 bar. Each point represents one
capture.

Using this method, the diffusion coefficient of CO2 in EVA was determined as a function of pressure
and temperature (Figure 12).
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Figure 12: Coefficient of diffusion of CO, absorption into EVA in function of pressure for different temperatures: 60°C, 75°C
and 90°C

The diffusion coefficient of CO2 within the EVA increases with the pressure for each temperature. At
60°C and 75°C, the diffusion coefficient increases significantly between 100 bar and 130 bar. For 90°C,
a clear increase of the diffusion coefficient occurs at a lower pressure, between 80 bar and 100 bar. From
130 bar onwards, the diffusion coefficient stabilises for the three temperatures under consideration. At
60°C the diffusion coefficient stabilises at about 4x10-° m2.s-1; at 75°C, 5x10° m2.s1and at 90°C, 7x10-
9 m2.s'1. Consequently, the increase in temperature increases significantly the kinetics of CO2 absorption
within the EVA. These values are intermediates between the diffusion coefficient determined at 50°C



and 150 bar for an EVA-40 by swelling measurements [23] (1x10° m2.s'1) and for another rubbery
polymer PDMS, polymer for which COz2 is known to be strongly diffusive, at 70°C and 150 bar [26]
(10x10° m2.s1),

3.4.  Photovoltaic module’s interfaces influence on CO; diffusion into EVA

After studying CO2 absorption within EVVA alone, it is necessary to study the impact of the interfaces of
a photovoltaic module on absorption, in particular diffusion. Indeed, knowledge of absorption within
EVA alone is not sufficient to determine the processing time required for a photovoltaic module to be
delaminated. For this purpose, the study of the interface diffusion for each of the interfaces in isolation
(backsheet, rear face of the cell, front face of the cell and glass) provides elements of interest. Figure 13
shows the determination of interface diffusion coefficient at 150 bar and 75°C according to the protocol
described in paragraph 2.6.
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Figure 13 : Diffusion length measurements (+) and linear fit in function of time at 75°C and 150 bar for different PV
module’s interfaces (glass, front side of the cell and backsheet)

The interface diffusion coefficient for the glass interface (5,2x10° m2.s'1) is similar to the diffusion
coefficient determined for EVA at 150 bar and 75°C (5,0x10° m2.s1) but lower than that for other
interfaces. It seems that for the glass, the contribution of the interface to the interface diffusion is almost
null and the diffusion is mainly driven by the diffusivity of the CO2 in EVA. However, for other cases
the contribution of the interface on diffusion coefficient is not negligible, especially for the “backsheet”
(9,1x10° m2.stat 150 bar and 75°C). This favourable contribution from the backsheet interface is
probably due to specific favourable interactions between SC-CO: and fluor contained in PVF (layer of
the “backsheet” in adhesion with EVA). Indeed, preferential interactions between SC-CO: and
fluorinated components have been reported in literature ([34], [35]). Moreover, the interface diffusion
in the rear side of the cell is not plotted in Figure 13. Indeed, a largely preferential diffusion was observed
at this interface and did not allow any measurement of the interface diffusion length because even for
the shortest measurement time (20 min) the CO2 had diffused over the whole sample (for samples of
2cm x 5¢em and even for samples of 10cm x 10cm). SEM's characterisation of the surface of this interface
has made it possible to explain this preferential diffusion (Figure 14).



Figure 14: SEM micrograph of the rear side of the cell (x10 000)

Figure 14 shows an important porosity, of the order of the um, in the rear side of the cell. The rear side
of the Si-Al-BSF type photovoltaic cells is made of screen-printed aluminium. After annealing, this
manufacturing process produces a microporous structure in the form of micrometric beads. This porous
microstructure enables a preferential CO:2 diffusion at this interface.

4. Conclusion
This paper shows a global method to study the SC-CO: absorption into a polymer in a multilayer
structure, in this particular case of the EVA in photovoltaic modules. Firstly, the EVA-28
characterization by HP-DSC allowed to determine the phase diagram of the polymer in CO2 medium for
pressures ranging from atmospheric pressure to 150 bar. These measurements demonstrated a low
impact on the melting temperature of EVA, about a decrease of 7°C for the melting end from 60 bar.

Then, Sanchez-Lacombe EoS modified to take into account the crystallinity and the cross-linking of the
EVA-28 showed a good correlation with the results obtained from the swelling experiments. This model
can predict the quantity of COz absorbed in the polymer for various operating pressures and temperatures
which is an important information to describe the EVA foaming with the aim to delaminate a PV module.

In addition, the diffusion coefficient was determined thanks to swelling experiments. The results show
that increasing temperature induces a significantly increase of CO: diffusivity into the EVA. The
diffusion coefficient stabilizes at 130 bar, from 4x10° m2.s1 (60°C); to7x10-° m2.s (90°C).

Finally, the impact of PV modules interfaces on the diffusion was studied by an original method of
apparent length of diffusion post treatment. This study demonstrates a largely preferential diffusion at
the rear side of the cell due to an important porosity of this interface. Moreover, a preferential diffusion
was observed at the backsheet interface (9x10-° m2.s1at 150 bar and 75°C), probably due to the specific
favourable interactions between SC-CO: and fluor contained in PVF (layer of the “backsheet” in
adhesion with EVA). For other interfaces materials, the glass and the front side of the cell, the impact
of the interfaces on the diffusion coefficient is lower. The data determined by this investigation on the
SC-COz2 absorption into the EVA in photovoltaic modules allows to estimate the processing times
required for photovoltaic panels for delamination.
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