Proceedings of the 3rd International Conference on Environmental Geoscience and Earth Ecology
DOI: 10.54254/2753-8818/2025.24097

Pyrolysis Kinetic Analysis of Decommissioned Photovoltaic
Encapsulation Films

Zhexin Zhao!, Yunji Pang?, Tiejun Zhang!", Xi Jiang!

ISchool of Energy and Environment, Inner Mongolia University of Science and Technology,
Baotou, China
2School of Chemistry and Chemical Engineering, Inner Mongolia University of Science and
Technology, Baotou, China
*Corresponding Author. Email: hjgcztj@126.com

Abstract: The resource utilization of decommissioned photovoltaic (PV) modules is the final
stage of the PV industry chain and a critical step toward achieving sustainable development.
Addressing the challenge of removing the encapsulation layer (EVA film) during the
recycling process of retired PV modules, this study calculates the acetic acid content using
thermogravimetric analysis (TGA) to clarify the thermal stability of EVA films under high-
temperature conditions. Based on the thermal weight loss behavior of EVA films at four
different heating rates (5 °C/min, 10 °C/min, 15 °C/min, and 20 °C/min), key parameters such
as the onset and completion temperatures of pyrolysis and the temperature at maximum
weight loss were determined. The Flynn-Wall-Ozawa method was used to construct a
pyrolysis kinetic model, segmenting the pyrolysis reaction into different stages. Linear
regression analysis was conducted at nine reaction conversion points to calculate the variation
in activation energy across different stages. The results show that the vinyl acetate content in
EVA films from decommissioned PV modules is significantly lower than the standard range,
indicating reduced thermal stability. The pyrolysis process achieves a mass loss of over 95%,
demonstrating the effectiveness of pyrolytic removal. As the heating rate increases, the
thermogravimetric curve shifts toward higher temperatures, attributed to temperature lag
caused by differences in heat transfer efficiency. According to the kinetic model, EVA
pyrolysis can be divided into two stages: the first involving deacetylation and side-chain
cleavage, and the second involving main-chain scission. The activation energy in the second
stage is significantly higher than in the first, indicating that decomposition of the EVA main
chain requires more energy.
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1. Introduction

With the restructuring of the global energy landscape and the ongoing adjustment of China’s energy
structure, solar photovoltaic (PV) technology is receiving increasing attention. Although PV modules
emit almost no greenhouse gases during their operational phase, a comprehensive life cycle
assessment of PV power generation must also consider the environmental impact during the
decommissioning phase [1]. The resource recovery of retired PV modules represents the final step in
© 2025 The Authors. This is an open access article distributed under the terms of the Creative Commons Attribution License 4.0
(https://creativecommons.org/licenses/by/4.0/).
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the PV industry chain and is a concrete manifestation of the sustainable development concept. As the
PV industry continues to flourish, the increasing number of decommissioned PV modules has become
a pressing issue. A key technical challenge in recycling these modules lies in the efficient removal of
the encapsulant layer, particularly the EVA (ethylene-vinyl acetate) film.

To address EVA removal, Doni et al. [2] used a heated plate, achieving separation of the glass
cover under 400 W of power and a heating time of 15 minutes. Pyrolysis has also been explored as a
method to remove the EVA film, which can enable the separation of multiple components in PV
modules, facilitating their individual recycling. Dong Li et al. [3], leveraging the excellent
thermoplastic properties of EVA [4], conducted pyrolysis experiments using a tubular furnace with
different gaseous atmospheres. Thermogravimetric analysis revealed that EVA pyrolysis occurs in
two stages. In the first stage, the ester bonds in the EVA polymer break down, releasing acetic acid
in gaseous form; in the second stage, the remaining high-molecular-weight polymers break apart,
followed by the reformation of new chemical bonds. In this study, EVA film was extracted from
discarded PV panels manufactured by Canadian Solar Inc. After preheating, thermogravimetric
analysis was used to determine the decomposition temperature range and to examine the influence of
heating rates on the pyrolysis behavior of the film. The Flynn—Wall-Ozawa (FWO) kinetic model [5-
6] was employed to build a thermal decomposition model of the EVA film, segmenting the pyrolysis
process into distinct phases and calculating the activation energy at each stage based on nine
predefined conversion points.

2. Experiment
2.1. Sample preparation

The experiment utilized retired PV panels from Canadian Solar Inc. in Baotou, which had been in
service for 15 years. A standard size of 4 cm x 4 cm was used for manually cutting the samples. The
cut samples were subjected to simulated industrial preheating in a muffle furnace at 140 °C for 30
minutes. After preheating, the glass cover was removed, and the encapsulant material (EVA film)
was scraped off using a spatula. The EVA film was then analyzed using thermogravimetric analysis,
and the results are shown in Fig. 1:
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Figure 1: Thermogravimetric analysis curve of EVA film
Based on Equation (1), the vinyl acetate content of the sample was calculated to be 22.92%, which

is significantly below the standard encapsulant range of PV modules (30-35%), and thus meets the
experimental requirements.
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MVA
Va% = Hy % X (1)
MHAC
Where: V4% 1is the vinyl acetate content, H4.% is the acetic acid content produced from the
decomposition of the vinyl acetate component, Mva is the molar mass of vinyl acetate (86 g/mol),
Mhac 1s the molar mass of acetic acid (60 g/mol).

2.2. Experimental apparatus and methods

A Netzsch 209F3 thermogravimetric analyzer (Germany) was used for the thermogravimetric
experiments. The extracted EVA film was divided into four groups, each containing 10 mg samples.
Based on different heating rates, the groups were labeled as: A (5 °C/min), B (10 °C/min), C
(15 °C/min), and D (20 °C/min). The samples were heated from room temperature to 600 °C under a
nitrogen atmosphere with a flow rate of 40 ml/min.

The pyrolysis kinetic model was developed using the Flynn—Wall-Ozawa (FWO) method, a
model-free kinetic analysis technique. Based on the TG (thermogravimetric) curves at the four
different heating rates, kinetic parameters were obtained to calculate the activation energy of the EVA
pyrolysis reaction and to characterize the different reaction stages. The kinetic model employed the
g(a) function, as shown in Equation (2):

g(a) = —ln(l — a) (2)

Here, a represents the conversion rate of the EVA pyrolysis reaction, calculated using Equation
A3):

m.,—m¢

a= my—my (3)
Where: my is the initial mass of the EVA film before the reaction, m; is the real-time mass of the
EVA film at a given time, myis the final mass of the EVA film at the end of the reaction.
The heterogeneous reaction kinetics equation is shown in Equation (4):

e =tew (- ) f(@) 4)

Where: a is the conversion rate (see Equation (3)), 7 is the thermodynamic temperature (K), A is
the pre-exponential factor (min™), £ is the heating rate (°C/min), E is the activation energy (kJ/mol),
R is the molar gas constant, typically 8.314 J/(mol-K), f{a) is the reaction mechanism function.

3.  Results and analysis
3.1. Analysis of TG and DTG characteristics

Thermogravimetric analysis (TG) was conducted on EVA film samples at four different heating rates:
A (5 C/min), B (10 ‘C/min), C (15 ‘C/min), and D (20 ‘C/min). The thermogravimetric (TG) and
derivative thermogravimetric (DTG) curves of the EVA film under these different heating rates are
shown in Figures 2 and 3.
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Figure 2: Thermogravimetric EVA film with different heating rates
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Figure 3: Differential thermogravimetric curves of EVA film with different heating rates

The thermogravimetric analysis of the EVA film enables the characterization and evaluation of its
pyrolysis behavior and thermal performance. In conjunction with the DTG curves, the primary
reaction stages and corresponding weight loss during the pyrolysis process of the film can be
identified.

According to the TG curves, the overall mass loss of the EVA film reaches approximately 95%,
and no significant reaction occurs beyond 500 °C. When the pyrolysis temperature is below 300 °C,
the film shows almost no mass loss, indicating a very low moisture content in the sample. The
pyrolysis process of the EVA film exhibits two distinct mass loss stages, consistent with findings
reported in the literature [7]. Based on this, the pyrolysis process can be divided into two stages: the
first stage occurs between 300 °C and 420 °C, during which the film loses about 20% of its mass. The
primary weight loss peak in this stage is attributed to the decomposition of vinyl acetate side chains
in the EVA, releasing ethylene and acetic acid. As the temperature continues to rise above 420 °C, a
sharp decrease in mass is observed, marking the second stage of the pyrolysis process (420 °C—
500 °C). The maximum weight loss peak occurs during this stage, mainly due to the breakdown of
the polyethylene backbone, removal of vinyl acetate side chains, and the dissociation of cross-linked
structures [8]. This is the principal stage of thermal degradation in the EVA film. After 500 °C, the
mass of EVA remains largely unchanged, and weight loss slows significantly. This is likely due to
the formation of a carbonaceous layer from polyenes and unsaturated compounds during pyrolysis,
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which inhibits further decomposition. Additionally, at 600 °C, the EVA film still contains residues,
with remaining char accounting for less than 1%.

As the heating rate increases, both TG and DTG curves shift to the right, and the weight loss peaks
in the DTG curves move toward higher temperature regions. This is caused by temperature lag due
to variations in heat transfer efficiency.

Based on the thermogravimetric analysis curves, the key parameters of EVA pyrolysis are
summarized in Table 1. Here, f represents the heating rate of the pyrolysis reaction (°C/min); 7y is
the initial temperature at which pyrolysis begins (°C); T is the temperature corresponding to the
first weight loss peak during pyrolysis (°C); T2 is the temperature corresponding to the maximum
weight loss peak (°C); and Ty is the final temperature when the pyrolysis reaction terminates (°C).

Table 1: Key parameters of pyrolysis of EVA adhesive film

. Initial Thermogravimetric ~ Thermogravimetric Final
Heating
Rate A(°C/min) Temperature Peak Temperature Peak Temperature = Temperature
T70(°C) Tml1(°C) Tm2(°C) T(°C)
5 311.85 343.6 462.87 493.7
10 324.89 355.5 470.60 509.4
15 332.07 362.6 477.55 516.8
20 334.15 368.1 483.58 529.9

3.2. Pyrolysis kinetics analysis

Figure 4 shows the conversion rate (o) curves of EVA film under four different heating rates. The
conversion rate o was calculated using Equation (3). The heating rates corresponding to each curve
are: Curve A — 5 ‘C/min, Curve B — 10 ‘C/min, Curve C — 15 ‘C/min, and Curve D — 20 “C/min.
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Figure 4: EVA film o-T diagram

The basic reaction rate equation is expressed by Equation (5):
da
% = kf (a) 5)
Here, k is the reaction rate at time t, and f{a) is the kinetic model function for solid-state reactions.
The reaction rate constant &, which depends on temperature, is typically described by the Arrhenius
equation:
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— ~Ea

k = Ajexp ( =) (6)
The parameters in the Arrhenius equation are defined as follows: Ay is the pre-exponential factor
(also known as the Arrhenius constant, with units of min™'), £, is the activation energy of the pyrolysis
reaction (in kJ/mol), T is the reaction temperature (in Kelvin), and R is the universal gas constant
(8.314 J-K '*mol ™). To obtain the kinetic parameters £, and Ay for the pyrolysis reaction of the EVA
film, the Coats—Redfern method was used to rearrange and integrate Equation (6), resulting in the

following expression:

g@] _ 4 [4R RT Ea

n[22] = (1-5)] -5 (7

RE, Eq
The Flynn—Wall-Ozawa method is expressed as:

AE E,
In(B) = lnm —5.331 - 1.0516 (8)

Based on analysis of the TG curves, the pyrolysis process of EVA film consists of two distinct
stages, each involving different reactions and products. Therefore, the kinetic parameters of EVA
film pyrolysis were determined separately for each stage. The pyrolysis process was divided into two
temperature ranges: room temperature to 400 °C, and 400 °C to 600 °C. Activation energy was
calculated for each stage individually. The conversion rate o was divided into intervals of 0.1,
resulting in nine reaction progress points (from 0.1 to 0.9). A linear regression analysis of Inf versus
7! was conducted, and the activation energy E, was determined from the slope of the fitted line. The
apparent activation energy E and corresponding coefficient of determination R’ were obtained for
each conversion rate.

Figure 5 shows the In-T"! plots and the variation of apparent activation energy for the two stages
of the EVA film pyrolysis process. In the In-T-! plots, the four data points on the vertical axis represent
the Inpvalues corresponding to the four different heating rates (A, B, C, and D), while the horizontal
axis indicates the reciprocal of the corresponding temperature in Kelvin. Each curve reflects the trend
of Inp-T~! at a specific conversion rate. The slope of each curve is obtained by fitting a linear
regression equation, which is then used to calculate the activation energy.
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Figure 5: Linear fitting and activation energy

In the kinetic analysis based on the Flynn—Wall-Ozawa (FWO) kinetic reaction model, a
coefficient of determination (R?) greater than 0.96 for the linear regression equation indicates a high
level of data reliability. The variation in the apparent activation energy during the pyrolysis of EVA
film at different conversion rates (o) can be characterized by the R’ values obtained from the linear
regression of Inf} versus 1/T. Table 2 presents the R? values and corresponding activation energies (E)
at various conversion rates during the first stage of EVA pyrolysis.

Table 2: Phase 1 kinetic parameters

o R’ E(kJ/mol)
0.1 0.985 165.48
0.2 0.996 184.77
0.3 0.998 189.82
0.4 0.999 191.92
0.5 0.999 194.23
0.6 0.999 197.36
0.7 0.999 202.46
0.8 0.999 213.02
0.9 0.999 256.92

The minimum R? value in Phase 1 is 0.985, which is greater than 0.96 and thus falls within the
range of high reliability, indicating that the apparent activation energy data derived from it are
credible. The R? values and apparent activation energies for the second stage are shown in Table 3:

Table 3: Phase 2 kinetic parameters

a R’ E(kJ/mol)
0.1 0.998 306.50
0.2 0.999 312.11
0.3 0.999 306.22
0.4 0.999 300.07
0.5 0.999 294.34

0.6 0.998 289.23
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Table 3: (continued)

0.7 0.998 283.48
0.8 0.998 278.10
0.9 0.997 269.13

Using the FWO method, the average apparent activation energies for the two stages of EVA film
pyrolysis were calculated. The average activation energy for the first stage is 199.55 kJ/mol, and for
the second stage, it is 293.24 kJ/mol. These two stages do not exhibit a consistent trend in activation
energy, which is attributed to the fact that different chain segments are broken during each stage,
resulting in distinct reaction products. The significantly higher activation energy in the second stage
is due to the lower energy required for side-chain elimination compared to the higher energy needed
to break the main polymer backbone.

By constructing a kinetic model for the EVA pyrolysis process and calculating the apparent
activation energy, the two reaction stages can be delineated.

The first-stage reaction can be subdivided into three sub-stages based on changes in activation
energy: Stage I (o = 0.1-0.2): The activation energy increases with the rise in conversion rate. Stage
IT (o = 0.2-0.8): The activation energy continues to rise but at a more gradual and stable rate. Stage
III (oo = 0.8-0.9): The activation energy increases sharply with the conversion rate. This suggests that
in the first stage of the reaction, EVA begins to undergo thermal decomposition. This stage involves
the initial breakdown of ethylene-vinyl acetate (EVA), primarily through deacetylation. Vinyl acetate
units decompose through a six-membered ring transition state, during which hydrogen bonds form
between the carboxyl group oxygen and adjacent hydrogen atoms, generating chemically unstable
enol intermediates. These intermediates continue to react as temperature increases, with energy input
driving the rearrangement of side-chain groups. The deacetylation process is completed, marking the
end of the first stage. The associated mass loss results from the volatilization of acetic acid in the
gaseous state. Therefore, the activation energy trend during this stage first rises, then slows as
intermediates form, and finally increases sharply as the side-chain acetyl groups are eliminated with
rising temperature.

The second-stage reaction can be divided into two sub-regions based on changes in activation
energy: Region a (o =0.1-0.2): Activation energy increases with conversion rate. Around 425 °C, the
second pyrolysis stage begins, involving the scission of the carbon backbone and decomposition into
long-chain olefins and alkanes. As temperature increases, hydrocarbons are released, mainly olefins
and alkanes in the C4—C30 range [9], including butenes, 1-hexene, 1-heptene, as well as octane,
nonane, and decane. Region b (a0 = 0.2—0.9): Activation energy begins to gradually decrease with
increasing conversion rate. This is because, as the primary reaction completes and the backbone is
mostly broken down, further heating causes the remaining EVA side chains to decompose, producing
increasing amounts of olefins and aromatic hydrocarbons.

4. Conclusion

(1) Thermogravimetric analysis (TGA) of EVA films from decommissioned photovoltaic (PV)
modules shows that the acetic acid content is significantly lower than that of standard modules,
resulting in a generally lower activation energy during pyrolysis. The thermal stability of aged EVA
films is notably reduced.

(2) The pyrolysis of EVA films from decommissioned PV modules primarily occurs between
300 °C and 510 °C, with two distinct stages of thermal weight loss: Stage 1: 300 °C—400 °C, with a
weight loss of 15.989%. Stage 2: 400 °C-510 °C, with a weight loss of 68%. With increasing heating
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rates, the onset and end temperatures, as well as the temperature of maximum weight loss, shift toward
higher temperatures, indicating a pronounced thermal lag.

(3) The Flynn—Wall-Ozawa method was used to segment the EVA thermal degradation curves
and obtain kinetic parameters for the two main reaction stages. Activation energies were calculated
for each stage. The first-stage reaction was further divided into three sub-stages, and the second-stage
reaction into two. The activation energy in the first stage is significantly lower than that in the second
stage, indicating that complete decomposition of EVA requires higher energy. The first stage
corresponds to side-chain elimination, while the second stage involves main-chain scission, which
requires greater activation energy.
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