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ABSTRACT: As the global cumulative installation of solar photovoltaic (PV) devices grows every year, a proportionate number of
waste PV modules arises because of their limited lifespan. It is estimated that by 2050, there will be approximately 60−78 million
tonnes of PV waste (Farrell, C.; Osman, A. I.; Zhang, X. et al. Sci Rep. 2019, 9, 5267). These modules are bound in a strong
encapsulated laminate that is prone to imminent degradation. Subsequently, a form of treatment is required to remove a problematic
polymeric material such as the encapsulant poly(ethylene-co-vinyl acetate) (EVA) in order to recycle. Pyrolysis is an ideal option
that facilitates clean delamination by removing the polymer fraction, and it does not promote chemical oxidation to any of the
constituents left behind after pyrolysis. To date, there are limited studies on the pyrolysis of EVA found in PV modules, resulting in
significant gaps in the knowledge of pyrolysis kinetic parameters. This work aims to investigate the pyrolysis reaction kinetics
concerning the EVA encapsulant found in end-of-life (EoL) crystalline silicon (c-Si) PV modules. The thermoanalytical technique
employed was thermogravimetric analysis, which was carried out at 0.5, 1, 2, 4, and 5 °C min−1 to ensure accuracy and high
resolution while analyzing the kinetics. The kinetic triplet was determined and reported for the first time using the Advanced
Kinetics and Technology Solutions (AKTS) Thermokinetics software. The main kinetic modeling method employed was the
Friedman differential isoconversional method. Other conventional kinetic modeling approaches were also used, such as the integral
(Ozawa) and ASTM-E698 methods for comparison of apparent activation energy. It was observed that the activation energy values
for each method were 167.66−260.00, 259.70, and 167.00−252.65 kJ mol−1 for EVA pyrolysis. Additionally, isothermal,
nonisothermal, and step-based predictions were reported for the first time using the thermokinetics package. Furthermore, pyrolysis
of EVA can have a triple role in the successful delamination of PV modules, recovery of additional constituents, and aiding of waste
management of this problematic polymer.

1. INTRODUCTION

Owing to the ever-growing population and increased energy
demand, the world is transitioning away from fossil fuels toward
renewable energy technologies in order to decarbonize andmeet
Paris Agreement climate targets.1−3 Of these renewable
technologies, the solar photovoltaic (PV) devices has gained
considerable interest because of their ability to produce
electricity without any subsequent noise or air pollution in the
form of emissions.4−6 As of 2018, solar has taken the lead for

renewable capacity additions at 55%, surpassing that of its

competitive counterparts such as hydropower and wind.7
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The solar energy industry is helping to meet the ever-growing
global energy demand that is estimated to reach 778 EJ by 2035.8

At the end of 2019, the global installed capacity of solar PV
passed the threshold of 600 GW.9,10 PV modules have a limited
lifespan of 25−30 years, and this is also reflected in the
manufacturer’s guarantee.11−13 However, it is worth noting that
the lifespan can vary based on the type of the failure mode or
degradation experienced by the module. For example, the recent
work of Tracy et al. outlines encapsulant adhesion as a function
of environmental stressors (UV exposure, temperature, and
humidity) with lab and field data in various climates.14 As annual
installations increase exponentially, so does the waste that will
arise. Of the two commercially available generations of PV
modules, the first-generation, also known as crystalline silicon
(c-Si) PV modules, equates to a market share of 80−90% over
the last 40 years.15,16 In 2012, PV modules were added to the
EU’s WEEE directive, making it a law as of February 14, 2014,
that PV manufacturers and suppliers are now responsible for
their end-of-life (EoL) management.17−19 Despite this legis-
lative driver, approximately only 10% of PV modules are
recycled globally.20 To date, there are limited studies available
on EoL PVmodules considering the effect that it will have in the
near future.21,22

PV modules consist of numerous material types, such as glass,
metals, and polymers. For reference, please refer to Figure S1 in
the Supplementary Information for an exploded diagram of a c-
Si PV module. This mixture of material types makes the
recycling of PV modules difficult. However, as the decom-
position temperatures of the constituent types are vastly spread,
thermal treatment such as pyrolysis can be used to selectively
remove individual components. The first material to decompose
is the polymeric fraction (EVA and PVBacksheet) of themodule
at approximately 500 °C.23

Already, there are approximately 25.8 million tonnes of plastic
waste generated in Europe every year.24 In 2018, 12.4 million
tonnes of post-consumer plastic waste were sent for energy
recovery,25 growing at an average of 4.9% every year and a 77%
rise from figures reported in 2006.26

It is estimated that between 60 and 78 million tonnes of EoL
PV modules will be in circulation by 2050.27,28 Of these 60−78
million tonnes, 6.09−7.92 tonnes equate to the waste polymers
found in PVmodules when considering the 10.15 wt % that they
contribute to the mass of the module. Furthermore, 3.93−5.11
tonnes equate to the waste polymer poly(ethylene-co-vinyl
acetate) (also known as EVA), when considering its dominant
6.55 wt % contribution to the mass of the polymeric fraction of
the c-Si PVmodule.29 EVA acts as an encapsulant protecting the
solar cells and metal contacts from mechanical shock and
moisture and has excellent adhesion properties to the glass and
backsheet layers. EVA is also widely used in a plethora of
applications, such as cable sheaths, packaging films, hot melt
adhesives, and some drug delivery devices.30

In addition to this, EVA has been the industry standard for PV
module encapsulation since the 1980s, and according to the
current ITRPV report, it is expected to continue to be the
industry standard until at least 2029, as there is no available data
beyond this point.31−33

EVA as a PV encapsulant is used in both first- and second-
generation PV modules. This means that if the removal of the
EVA layer is successful, this can not only help in the issue of
waste management of plastics but also help in the recycling of
the constituents left behind post-pyrolysis of the PV module.

Throughout a PV module lifespan, EVA is prone to
degradation (sometimes referred to as yellowing) over time.
As EVA yellows, the transmittance of light reaching the solar
cells lowers and this subsequently has a detrimental effect on the
power output of the module. Although not fully understood, it is
believed this degradation is related and linked to UV light
exposure and moisture ingress.32,34,35 A mechanism has been
outlined recently by Tracy et al. which focuses on the underlying
degradation processes that are active at a molecular level and
which accounts for the competition of chemical reactions such
as cross-linking and chain scission in the bulk encapsulant and
bond dissociation because of hydrolytic depolymerization at the
cell and glass interfaces.14 When the power produced by the
module is less than 80% of the wattage quoted at the time of
manufacture, the PV module can be considered as EoL.36

However, it is worth noting that there are many failure modes of
PV modules that can also deem them as EoL. For example,
broken solder connections, failure in lamination, or environ-
mental catastrophes such as storms can also affect how a module
can be classified as EoL.
The EVA encapsulant found in first-generation c-Si PV

modules poses the most significant challenge in the delamina-
tion of PV modules and subsequently in the recycling of the
other constituents. Some methods that have been previously
utilized to remove the EVA fraction are pyrolysis,37−39

combustion,40 organic solvents,41−43 dissolution in acidic
media,39 high-voltage pulse crushing,44−46 and shockwave.47,48

To date, pyrolysis has been reported to be one, if not the most
effective, method for the removal of waste polymers found in PV
modules, removing a significant fraction with little residual
material left post-pyrolysis. Additionally, pyrolysis provides the
ability not to promote any chemical oxidation or “burn damage”
to the other constituents left behind, providing a clean
separation of the silicon solar cell, metal contacts, and the
front glass layer. Pyrolysis of polymers usually involves the
heating of waste polymer materials under an inert atmosphere in
the temperature range of 300−900 °C.49 Parameters such as
temperature, pressure, residence time, and the employment of a
catalyst used in conventional pyrolysis can be altered to optimize
product yields of the pyrolysis process.50,51 From the previous
work, conventional pyrolysis is ideal for treating waste EVA as
there is approximately 1 wt % residual remaining.52 A significant
drawback in the developmental transition of thermochemical
conversion processes from lab to industrial scale is that more
quantitative information regarding the chemical reactions in
question is needed. An important part of this information is the
development of a kinetic model of the given reaction system.
To date, the complete kinetic triplet (activation energy, pre-

exponential factor, and rate) of the pyrolysis of EVA encapsulant
found in PV modules is yet to be reported in the literature. The
kinetic triplet can benefit reactor design, process modeling of the
pyrolysis delamination of PV modules, and aid in the scaling up
of the effective recycling processes. To the best of the authors’
knowledge, two existing kinetic studies on the EVA encapsulant
were found in c-Si PV modules from De-wen et al. and Wang et
at.53,54 These studies reported activation energies 15 years apart,
but differ considerably from one another in terms of results,
kinetic modeling methods used, and did not evaluate the kinetic
triplet. This could be due to experimental error, a difference in
the grade of EVA used in the study, or the kinetic modeling
method employed in their study. Additionally, our study is the
first to report thermal predictions of the pyrolysis process
(isothermal, nonisothermal, and step heating) and to use the
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differential isoconversional method, alongside the integral
Ozawa and ASTME-698 methods. Finally, the use of simulation
(via the Advanced Kinetics and Technology Solutions [AKTS]
thermokinetics package) may be used to verify and expand the
experimental results.
This paper aims to fulfill this requirement and provide a

detailed differential isoconversional kinetic model of the
pyrolysis of the EVA encapsulant found in c-Si PV modules.
This will ultimately help academics and industry considering the
rapid delamination of EoL PV modules. Herein, the pyrolysis
kinetic parameters for this material, such as activation energy
(Ea), pre-exponential factor (ko), and reaction rate, is reported
for the first time. These parameters can consequently be used in
the design and modeling of chemical reaction systems for the
delamination and recycling of PV modules. Additionally,
isothermal, nonisothermal, and step predictions are made for
the first time for the pyrolysis of EVA. These heating methods
are reflective of the potential lab and industrial uptake.

2. MATERIALS AND METHODS
2.1. Solar PV Module Description. Two identically used

JA Solar (JAM6(L)-60-285/PR) monocrystalline silicon PV
modules were utilized for the experimental work conducted in
this study. For thermal analysis experiments, the solar cells
contained within the module had to be separated. The cells were
cut in square orientations using an OMAX water jet cutting
machine in the gaps between each of the solar cells, in order to
preserve the constituents in the laminate structure. Each cell
sample, on average, had dimensions of approximately 160 × 160
× 4 mm.
2.2. Extraction of EVA Encapsulant from PV Module.

Due to the nature of the strong adhesion properties of the EVA
encapsulant to the front glass and backsheet layers in the solar
cell, it was impossible to isolate and separate the EVA
encapsulant layers cleanly at room temperature and so a
previously utilized well-controlled thermal process was used.
The thermogravimetric analysis (TGA) results ran at 15 °C
min−1 from 25 to 550 °C under the nitrogen atmosphere for the
decomposition of EVA confirmed that the thermal process
employed did not surpass decomposition temperatures so as not
to alter the overall structure of the EVA.55,56 Following a
previously published method, the cells were placed in an oven
for 10 min at 190 °C for optimum results in facilitating the
removal of the polymer fraction of the module by softening the
polymers in the laminate structure.37 Once the cells were
removed from the oven, an incision was made to the side of the
solar cell just above the backsheet layer. This was repeated for
each side of the cell until the backsheet was able to be manually
removed to gain access to the EVA layers. Typically, this allowed
for easy separation of the EVA. However, there was variability in
the results due to the cooling time, which was dependent on the
time taken to delaminate the backsheet from the structure to
allow access to the EVA layer. Any areas containing the residual
backsheet material were not considered in this study to ensure
the purity of EVA and the accuracy of results.
2.3. AKTS Methodology. TGA was carried out under the

nitrogen atmosphere using a flowrate of 50 mL·min−1 with a
Netzsch STA 449C Jupiter instrument over a specific temper-
ature range of 20−570 °C at different constant heating rates of
0.5, 1, 2, 4, and 5 °C min−1 to facilitate a minimum heating rate
(β) ratio of 10 for the AKTS thermokinetics software. The TGA
device was also calibrated for buoyancy effects so that weight
changes could be quantified. Other calibration experiments were

repeated twice to establish reproducibility, with a standard error
of±1 °C. Ultimately, the reliability of the modeling using AKTS
thermokinetics relies on accurate and reproducible thermoana-
lytical data. In our case, the five TGA experiments outlined in
this study were found to have a high R2 value of 0.99172.
Additionally, the TGA was performed in line with the
recommendations for collecting experimental thermal analysis
data for kinetic computations published by the International
Confederation for Thermal Analysis and Calorimetry
(ICTAC).57 This was to ensure accurate results and high
resolution of data for the kinetic analysis. The changes in mass
loss (expressed in %) were recorded and monitored during the
nonisothermal operation. For the purposes of this study, global
lumped kinetic models were used in which EVA decomposition
is explained in reaction sequences.58 However, there are
elementary-driven models that exist in the literature that should
be considered also.59

AKTSwas utilized to determine the kinetic triplet for the EVA
pyrolysis, primarily using the differential isoconversional
method. Additionally, the package was used to apply the integral
isoconversional and nonisoconversional kinetic methods such as
the Ozawa and ASTM E-698 methods, respectively, as a
comparison for the activation energies found.
In isoconversional kinetic methods of TGA data, measured

mass losses should be converted into a dimensionless,
temperature-dependent mass loss (α), where 0 < α < 1, which
is shown in eq 4.60

The TGA results were imported into AKTS thermokinetics,
and the DTG result was evaluated using the derivation function
within AKTS. A horizontal baseline was then constructed on
each of the DTG signals to adequately cover the portions of the
DTG signals that deviated from the flat baseline, indicating a
pyrolysis reaction and mass loss for each of the samples. These
regions were found to be consistent with our previously
published study.37

Considering every DTG signal and subsequent constructed
baseline to be as denoted as D(t) and B(t), respectively, where t
is time in seconds, Important kinetic parameters such as reaction
rate (RR) and reaction progress/extent of conversion (α) can be
calculated as follows:61

Reaction rate:

d
dt

D t B t

D t B t dt

( ( ) ( ))

( ( ) ( ))
t

t

initial

final∫
α = −

−
(1)

Reaction progress (α):

t
D t B t dt

D t B t dt
( )

( ( ) ( ))

( ( ) ( ))

t
t

t

t
initial

initial

final∫
α =

∫ −

−
(2)

Once the baselines were constructed on all the heating rates,
baseline optimization was run using 100 optimization loops to
ensure the R2 value was tending as close to 1 as it could to
facilitate the built-in thermokinetic criterium of the package
where “R2” of all Arrhenius straight lines should be at least 0.99
to ensure accurate and robust kinetic parameter results.
Additionally, the optimization would ensure that themass loss

figure reported for each heating rate was consistent and did not
have large deviations because of themanual forming of baselines.
A simulation was then constructed on the data obtained using
the simulation tab within the package and was found to be a
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close match with some minor deviations, likely due to
instrument limitations. Subsequently, 100 optimization loops
were applied to the simulated calculations to ensure accuracy
andmake the results reproducible. Finally, three types of thermal
predictions were made using the AKTS thermokinetics software
based on the heating regime employed (isothermal, non-
isothermal, and step), with parameters such as heating rate,
temperature, holding time, ΔT (change in temperature for each
isothermal prediction), and the number of isotherms set by the
authors. These types of predictions were selected by the authors
to describe the decomposition of PV modules under different
heating regimes and scenarios that may occur.
The pre-exponential factor, rate, and activation energy (also

known as the kinetic triplet) were calculated from the TGA data
(0.5, 1, 2, 4, and 5 °C min−1) that was run under the nitrogen
atmosphere with a flow rate of 50 mL.min−1. These results were
then used as pre-requisite inputs for the AKTS software.
To date, model-free and model-fitting methods are both used

in the literature and are the two most common methods for
studying solid-state kinetics using TGA/DSC curves.62 Due to
the nature of the EVA decomposition, the isoconversional
method was utilized as it is better for representing multiple
reaction steps and requires no pre-requisite knowledge of the
reaction mechanism,63 which, to date, is not fully understood in
the literature.
The AKTS software was used in order to determine the

kinetic triplet in this study using the isoconversional methods
such as the Ozawa method64,65 and the differential isoconver-
sional methods such as the Friedman method. Additionally, the
ASTM-E69866 method was used to show the variation and
inaccuracy of predicting EVA pyrolysis kinetic parameters with
this method.
The basic theory of the isoconversional principle is outlined

herein. The rate of thermal decomposition of the EVA
encapsulant can be described in terms of the extent of
conversion/reaction progress (α) and temperature (T) as
shown in the following equation:

d
dt

k T f( ) ( )
α α=

(3)

where the decomposed mass fraction of the EVA encapsulant
can be denoted as α, as shown in the following equation:

m m
m m

i a

i f
α =

−
− (4)

wheremi is the initial mass;ma is the actual mass at time t; andmf
is the final mass.
Furthermore, the Arrhenius equation, shown in eq 5,

describes the temperature-dependent function in terms of the
activation energy and the pre-exponential factor:67

k T k E RT( ) o e ( a/ )= × − (5)

where k = rate coefficient; T = temperature (K); ko = pre-
exponential factor or frequency factor (min−1); Ea = activation
energy (KJ mol−1); and R = universal gas constant (8.314 J.K−1

mol−1).
Combining eqs 3 and 5, the equation relating to the solid-state

pyrolysis of EVA can be expressed as shown in the following
equation:68,69

d
dt

k E RT fe ( a/ ) ( )o
α α= × −

(6)

Considering the non-isothermal isoconversional method, the
sample is subjected to different constant linear heating rates that
are denoted as β. Additionally, it corresponds to the difference in
temperature per unit time as shown in the following equation:

dT
dt

β =
(7)

The heating rate β in eq 7 can then be applied to eq 6 as shown
in the following equation:

k
E RT f

d
dT

e ( a/ ) ( )o

β
αα = × −

(8)

Figure 1.TGA/DTG curves (shown as solid and dashed lines, respectively) of the EVA encapsulant, over a temperature range of 50−550 °C heated at
different heating rates (0.5, 1, 2, 4, and 5 °C min−1) under the N2 atmosphere with a flow rate of 50 mL min−1.
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where f(α) refers to the given reaction model.

3. RESULTS AND DISCUSSION

3.1. Kinetic Modeling Using TGA. Figure 1 shows the
TGA/DTG curves of thermal decomposition of EVA under the
nitrogen atmosphere. The five heating rates used (0.5, 1, 2, 4,
and 5 °C min−1) throughout the results section are designated
by red, dark blue, green, light blue, and orange colors,
respectively. From Figure 1, it is evident that there were two
main reaction steps in the temperature range of 276−372 °C and
372−495 °C, respectively. Unsurprisingly, the decomposition
temperature was shifted toward a higher temperature by
increasing the heating rates from 0.5 to 5 °C min−1. As reported
by Xu et al., this can be explained by the so-called “temperature
hysteresis phenomenon,” where a period of time is required for
the heat that is transferring from the surface to the inside of the
sample, which is longer when higher heating rates are utilized.70

To date, the overall mechanism of EVA pyrolysis is not well
defined in the literature. The first decomposition stage, however,
is well documented and has been referred to extensively as the
“acetic acid shelf.”53,71 This signifies the removal of acetic acid
from the EVA structure, and the intermediate which is formed
has been reported by De-wen et al. as “polyethylene co-
polyacetylene.”53 Similarly, Rimez et al. reported on a general
deacetylation mechanism of EVA in oxidative and nonoxidative
environments.72 The breakdown of this intermediate has been
said to be the breakdown into smaller hydrocarbons. However,
to date, this has not been quantified, or all the final products
deduced to provide a complete mechanism of both decom-
position stages. The stoichiometry of both these degradation
reactions would serve a significant purpose in the modeling and
scaling of the pyrolysis process. The rationale of this study and
the use of the differential isoconversional method are further
supported due to the lack of a clear reaction mechanism in the
literature for the EVA utilized in PV modules.
The TGA/DTG results are represented by solid lines and

dashed lines in Figure 1, respectively. For the purpose of this
study, a portion and not the full thermogram is shown to
highlight the temperature range and peaks relating to mass loss

in EVA pyrolysis. The results indicated there were two apparent
decomposition stages and that both stages had been completed
by 500 °C. This is in agreement with the results in the
literature.23,52,53,73,74 The DTG peaks were visible at lower
temperatures than those reported in the literature. For example,
in our case, the first and second decomposition peaks were at
312 and 435 °C, whereas Serrano et al. and De-wen et al.
reported 340 and 458 °C74 and (345 and 468 °C),53

respectively. However, this is likely due to the heating rates in
this study being much lower than reported elsewhere to ensure
high acquisition and accuracy in the evaluation of the kinetic
triplet.37 Once the TGA/DTG results were imported into the
AKTS software, and the derivation was applied, a baseline
construction was made on each DTG curve using the horizontal
method. This enabled the determination of the reaction progress
versus temperature for each of the heating rates and the
calculation of a coefficient of determination (R2) value for all the
data. The AKTS importations and baseline constructions are
shown in Figure S2 in the Supporting Information.
Figure 2 shows the reaction progress (α) of the EVA pyrolysis

versus the temperature, where the solid colored curves are for
practical experimental results and the dashed black lines are for
the theoretical simulated calculations obtained from the AKTS
software. It is evident that there is a clear and apparent match
between the theoretical and practical results, where R2 was of
0.99172. Generally, there were two reaction steps in the
temperature range of 276−372 and 372−495 °C, respectively.
These regions were divided based on the inflection point
observed at approximately α = 0.2. This inflection point also
agrees with the results shown in Figure 1, where after
approximately 20% of the sample’s mass is lost, the second
decomposition stage occurs. There was a shift of α at a higher
temperature with an increase in the heating rates. Consequently,
when increasing the heating rate, an observation should be made
in the form of a consistent shift of α-T dependences into the
direction of the higher temperatures.
For instance, 10% of the reaction progress (α = 0.1) for

different heating rates of 0.5, 1, 2, 4, and 5 °C min−1 was shown
to happen at 306.2, 317.9, 329.6, 345.9, and 347.2 °C,

Figure 2. Reaction progress (α) versus the temperature for the EVA encapsulant pyrolysis.
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Figure 3. Reaction rate versus the temperature for the EVA encapsulant pyrolysis.

Figure 4. Apparent activation energy calculated by different methods: (a) ASTM-E698 method and (b and c) Ozawa method ln heating rate vs
reciprocal temperature and Ea as a function of reaction progress (α), respectively.
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respectively. There was around 10 °C difference between the
heating rates of 0.5, 1, and 2 °C min−1, whereas only 1.3 °C
between 4 and 5 °C min−1 as shown in Figure 2. The latter is
likely due to the close nature of the heating rates (4 and 5 °C
min−1) as the others are increasing by a factor of two (0.5, 1, 2 °C
min−1).
The EVA pyrolysis reaction rate is shown in Figure 3, where

the solid colored curves and the dashed black curves represent
the practical and theoretical calculations, respectively. The
calculations showed a goodmatch with the experimental data for
all the heating rates with R2 > 0.99. It is not surprising that the
reaction rate shifted toward higher reaction temperature with an
increase in the heating rates from 0.5 to 5 °C min−1 as seen in
Figure 3. The maximum RR for the pyrolysis of EVA is clearly in
the second decomposition step within the reaction temperature
of 372−495 °C. For example, at the heating rates of 0.5, 1, 2, 4,
and 5 °Cmin−1, the maximum RRs were of 0.000156, 0.000306,
0.000635, 0.001324, and 0.001626 s−1, respectively. By
increasing the heating rates 10 times from 0.5 to 5 °C min−1,
the maximum RRs increased approximately 10 times (10.4).
3.2. Kinetic Modeling Discussion of EVA Pyrolysis. The

ASTM-E698 method was used to calculate the apparent
activation energy of the EVA pyrolysis and was found to be
259.70 kJ mol−1, as shown in Figure 4a. This method can be seen

as an extremely limited kinetic modeling method, only
producing one discrete activation energy value, exempt of
conversion, a major limitation, if there are simultaneous
reactions or consecutive reaction steps.66 As shown in the
TGA/DTG curves in Figure 1, it is evident that the EVA
pyrolysis occurs in two decomposition stages; thus, a single Ea

value would not be an accurate representation herein. As
reported byWu et al., this error does not appear in the Friedman
method.75 Consequently, the isoconversional method should be
more appropriate in this case as it provides the kinetic
parameters in the form of Ea and pre-exponential factor (K0)
as a function of reaction progress (α). Thus, in a more realistic
approach, Ea varies during the reaction. Figure 4b shows a plot of
Ozawa ln (heating rate) versus the inverse temperature across
different extents of reaction progress/conversion. From the
graph, it is evident that there is a strong match of the results and
that the only points that fall outside of the logarithmic trend lines
are at α = 0.2.
Interestingly, this is where the decomposition stage is

changing from the first to the second step, and this is likely a
reason for the discrepancy in the match. Finally, Figure 4c shows
Ea calculated using theOzawamethod, as a more precise method
than that of the ASTM-E698 method. There were two distinct
activation energy values observed: 165.00 kJ mol−1 at the α

Figure 5. Differential isoconversional method used to calculate the kinetic parameters of EVA pyrolysis: (a) natural logarithm of the reaction rate in
(s−1) versus the inverse temperature, (b) Ea, and (c) ln k0.
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range of 0.0−0.2 and 250 kJ mol−1 at an α range of 0.2−1.0. The
results are in agreement with the TGA/DTG curves in Figure 1,
which showed the two-stage thermal decomposition of EVA
pyrolysis.
The AKTS software was used to calculate the kinetic

parameters for the pyrolysis of EVA via the differential
isoconversional method. Figure 5a shows the natural logarithm
of the RR in (s−1) versus the inverse temperature for the
different temperatures and heating rates, whereas the calculated
Ea and K0 are shown in Figure 5b,c, respectively. The differential
isoconversional analysis allows the discovery of the Arrhenius
dependence for any chosen reaction progress (α) as the data are
split over 10,000 data points. The slope of the given dependence
gives the apparent activation energy and pre-exponential factor
at each stage of the overall reaction progress. Again, there were
two-stage activation values: 168.00 kJ mol−1 at the α range of
0.0−0.2 and 260.00 kJ mol−1 at the α range of 0.2−1.0. The first-
step activation energy is quite similar to that which was
calculated from the FWO method (165 kJ mol−1), whereas the
second-step activation energy is slightly higher than that was
calculated with the FWO method (250.00 kJ mol−1). In

addition, the Ozawa method is potentially less precise due to
its results being different to the likes of Friedman if the activation
energy depends on the degree of conversion as reported by
Venkatesh et al.76 However, this is not the case with our analysis,
which indicates that the activation energy is independent of the
degree of conversion for EVA pyrolysis. An evident inflection
point can be seen in Figure 5a at approximately α = 0.2, which
indicates the end of the first decomposition stage and the start of
the second stage. This is in agreement with the TGA/DTG
results shown in Figure 1 and Table 1, respectively. It has been
previously reported that if the activation energy depends on the
degree of conversion, its values obtained by isoconversional
differential and integral methods are different.76

4. THERMAL PREDICTIONS OF EVA PYROLYSIS

4.1. The Isothermal Prediction of EVA Pyrolysis. The
prediction of the EVA pyrolysis ran under the isothermal
operation was calculated using the AKTS software, and the
results are shown in Figure 6. The temperature range was set
between 470 and 540 °C due to the range reported in the
literature for the optimum pyrolysis temperature used for the

Table 1. Thermoanalytical EVA Sample Information at Various Heating Rates from 0.5 to 5 °C min−1

sample heating rate [β (°C min−1)] Tinitial (°C) Tfinal (°C) mass loss (%) integration (%) peak height (%/min) Tpeak1 (°C) Tpeak2 (°C)

0.5 230.98 482.13 98.03 1.97 1.03 306.90 437.48
1 231.19 499.30 98.75 1.25 2.05 320.38 444.29
2 231.64 527.24 98.44 1.56 3.96 333.11 454.12
4 232.34 527.25 98.42 1.58 7.90 344.45 466.38
5 243.95 527.41 97.64 2.36 9.79 352.29 472.27

Figure 6. Isothermal prediction of EVA pyrolysis using the AKTS software with isotherms showing the change in reaction progress in the temperature
range of 470−540 °C. The inset window shows the isothermal prediction within an α range of 0.0−0.2.
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EVA encapsulant of 480−500 °C.56 For example, Dias et al.
reported that at 500 °Cwith a hold time of half an hour was ideal
for >99% removal of the polymeric material in the PVmodule.23

Park et al. had previously stated that, in fact, 480 °C at a ramp
rate of 15 °Cmin−1 for half an hour was ideal; however, this was
to ensure that constituents such as the silicon wafer were
recovered without any damage such as cracking.56 Additionally,
the ΔT was set to 10 °C between the eight isotherms shown.
Due to the rapid decomposition in the first stage at

temperatures of 470 °C (located on the isotherm) and above,
an inset window is added to Figure 6 showing the isothermal
prediction within a narrow α range of 0.0−0.2. At a reaction

temperature of 470 °C, the reaction reached completion (α = 1)
after 800 s, whereas at temperatures of 480 and 490 °C, reaction
completion occurred after 540 and 320 s, respectively. Beyond
the reaction temperature of 500 °C, the time required for the
reaction to complete has significantly reduced; for instance, at a
temperature of 540 °C, the α value reached 1 after only 48 s, as
shown in Figure 6. Even at the start of the reaction within the
reaction progress range of 0.0−0.2, the impact of the isothermal
temperature may be seen from the inset window of Figure 6. For
example, the time required for α to reach 0.18 has increased 10
times by increasing the reaction temperature from 470 to 540 °C
with values of 0.4 and 4.0 s, respectively. Additionally, the

Figure 7. Step prediction of EVA pyrolysis at different temperatures and heating rates.
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isothermal predictions outlined herein could be used in
applications such as process modeling of EVA pyrolysis to
help optimize the PV module delamination process. The
isothermal predictions can give us information of residence
times for each of the decomposition stages at a given process
temperature based on the isotherm they are read from.
4.2. Step-Prediction of EVA Pyrolysis. The step-

prediction of EVA pyrolysis at different temperatures and
heating rates is shown in Figure 7a−f. Holding the time for 30
min at the final temperature, the reaction reached completion in
26 min, as shown in Figure 7a. This is in agreement with the
work done by Dias et al. that suggested to hold the time for 30
min at 500 °C for complete pyrolysis of EVA.23 However,
holding the temperature for only 3 min is enough to allow the
pyrolysis reaction to finish, as shown in Figure 7a. The impact of
increasing the heating rate from 25 to 100 °C min−1 and lower
the final temperature from 500 to 470 °C is shown in Figure 7b.
In this case, the pyrolysis reaction reached completion in 22 min
which is faster than the previous case of 500 °C (26 min). In
Figure 7c, the reaction completion reached in an even shorter
time at 20 min than the previous cases. This was achieved by
increasing the heating rate from 25 to 50 °C min−1 and then
holding the final temperature of 500 °C for 2.5 min.
On the other hand, by increasing the heating rate from 25 to

50 °C min−1 and then holding the final temperature of 480 °C
for 7 min, the reaction reached completion after 22 min. Figure
7e shows that the pyrolysis reaction has not reached completion
by increasing the heating rates for both steps and hold the final
temperature 480 °C for 5 min. Finally, Figure 7f showed that the
reaction nearly finished after 33 min without holding the final
temperature but using three heating rates. Thus, the condition in

Figure 7c showed the best condition to reach the pyrolysis
completion in 20 min.

4.3. Nonisothermal Prediction of EVA Pyrolysis. The
prediction of nonisothermal EVA pyrolysis using AKTS over
noticeably higher heating rates (Figure 8a,b) and lower heating
rates (Figure 8c,d) up to a maximum temperature of 550 °C.
This prediction profile is quantified with α and the rate of
reaction for each predicted heating rate. It is not surprising that
the decomposition temperature shifted toward higher reaction
temperature, i.e., by increasing the heating rates from 10 to 50
°C min−1, the reaction completions were predicted at 506 and
550 °C, respectively. For the 10 °C min−1 heating rate, the
maximum rate of reaction was 0.0034 s−1 at a temperature of 480
°C, whereas at 50 °C min−1, the maximum rate of reaction was
0.0169 s−1 at 516 °C. Consequently, at high heating rates, by
increasing the heating rates by a factor of 5, the maximum rate of
reaction increased by the same factor. Interestingly, by
substantially decreasing the heating rates (0.01−0.4), the
reaction was predicted to occur at 215−255 °C, which is
lower than that at higher heating rates (10−50 °C min−1) that
started at a temperature range of 305−335 °C. Again, the
decomposition temperature shifted toward higher reaction
temperature; by increasing the heating rates from 0.01 to 0.4
°C min−1, the reaction completions were predicted at 390 and
450 °C, respectively. For the 0.01 °C min−1 heating rate, the
maximum rate of reaction was 0.000007 s−1 at a temperature of
372 °C, whereas at 0.4 °C min−1, the maximum rate of reaction
was 0.00015 s−1 at 433 °C. This means that at very low heating
rates, by increasing the heating rates 40 times, the maximum rate
of reaction increased 21 times.

Figure 8.Nonisothermal prediction of EVA pyrolysis at (a and b) higher heating rates of 10, 20, 25, and 50 °Cmin−1 and (c and d) lower heating rates
of 0.01, 0.05, 0.1, and 0.4 °C min−1 using the AKTS software.
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5. CONCLUSIONS
As the computer hardware and software significantly advance, so
will the complexity and accuracy behind produced pyrolysis
kinetic models in the field of thermochemical conversion. The
combination of technological advances allows for the building,
analyzing, and application of pyrolysis kinetic models such as the
one presented in this study.
This paper has provided a complete construction of a novel

iso-conversional kinetic model and presented an in-depth
analysis of the kinetic triplet (activation energy, pre-exponential
factor, and reaction rate) obtained from the pyrolysis of EVA
used in an EoL c-Si PV module, which, to the best of our
knowledge, has not been reported before. The activation energy
and pre-exponential factor using the differential isoconversional
method were found to be 167.66−260.00 kJ mol−1 and 6.02 ×
1010 to 3.98 × 1015 s−1 in the first and second decomposition
stages, respectively. These results help support the idea that the
values obtained from the constructed isoconversional model
herein will help us to bring scale to the recycling of PV modules
via rapid delamination of the EVA encapsulant using the
thermochemical conversion method of pyrolysis. The con-
structed kinetic model can also subsequently be used in other
applications such as process modeling to optimize methods to
deal with vast volumes of PV modules at an industrial scale for
pyrolysis processing. This signifies that if the EVA encapsulant is
removed via means of pyrolysis, then it can act as a triple role in:

• The successful and clean delamination of PV modules
(through an inert degradation where >99% of the EVA is
removed).

• Clean delamination allows the recovery of additional
constituents such as the glass, metal, and semiconductor
layers in the PV module.

• Converting EVA via pyrolysis aids in the waste manage-
ment of PV modules by providing an alternate EoL
pathway for the waste PV polymer and additional
constituents as opposed to landfilling.

Additionally, pyrolysis can help facilitate the circular economy
and waste management hierarchy of this problematic polymer
material by providing an alternative end-of-life pathway instead
of imminent landfilling.
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ko pre-exponential factor
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TGA thermogravimetric analysis
UN United Nations
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