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Abstract: The development of wind power has brought about increasing challenges in decommission-
ing, among which DWTBs (decommissioned wind turbine blades) are the most difficult component
to deal with. To enable the cost-effective, energy-efficient, and environmentally friendly large-scale
utilization of DWTBs, an experimental study on thermogravimetric and pyrolysis characteristics
of DWTBs was carried out. A new process involving recycling glass fiber with pyrolysis gas re-
combustion and flue gas recirculation as the pyrolysis medium was innovatively proposed, and the
simulation calculation was carried out. Thermogravimetric experiments indicated that glass fiber
reinforced composite (GFRC) was the main heat-generating part in the heat utilization process of
blades, and the blade material could basically complete pyrolysis at 600 ◦C. As the heating rate
increased, the formation temperature, peak concentration, and proportion of combustible gas in the
pyrolysis gas also increased. The highest peak concentration of CO gas was observed, with CO2 and
C3H6 reaching their peaks at 700 ◦C. The solid product obtained from pyrolysis at 600 ◦C could be
oxidized at 550 ◦C for 40 min to obtain clean glass fiber. And the pyrolysis temperature increased with
the increase in the proportion of recirculation flue gas. When the proportion of recirculation flue gas
was 66%, the pyrolysis temperature could reach 600 ◦C, meeting the necessary pyrolysis temperature
for wind turbine blade materials. The above research provided fundamental data support for further
exploration on high-value-added recycling of DWTBs.

Keywords: decommissioned wind turbine blades; thermogravimetric analysis; pyrolysis; process
simulation; recycling

1. Introduction

With the swift advancement of the wind power industry, the issue of wind turbine
decommissioning has become increasingly prominent [1–4]. The expected service life
of wind turbines is 20–25 years [5–7], and due to the technical upgrades of wind power
stations such as “replacing small ones with large ones”, some wind turbines over 15 years
old will be decommissioned ahead of schedule. Among all components, the wind turbine
blades pose the greatest challenge. It is predicted that the number of DWTBs will reach
500,000 tons/year in 2029, and with the rapid growth of installed capacity of wind turbines,
the global DWTBs will reach 43.4 million tons in 2050 [8,9]. Improper handling of these
blades could lead to land occupation and environmental pollution from heavy metals and
organic substances. Hence, the recycling and treatment of DWTBs is urgent [10,11].

The prevalent wind turbine blades are glass fiber reinforced composites (GFRC),
possessing traits of high strength, high stiffness, and cost-effectiveness, and accounting

Energies 2024, 17, 3229. https://doi.org/10.3390/en17133229 https://www.mdpi.com/journal/energies

https://doi.org/10.3390/en17133229
https://doi.org/10.3390/en17133229
https://creativecommons.org/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://www.mdpi.com/journal/energies
https://www.mdpi.com
https://orcid.org/0000-0003-2208-9424
https://doi.org/10.3390/en17133229
https://www.mdpi.com/journal/energies
https://www.mdpi.com/article/10.3390/en17133229?type=check_update&version=1


Energies 2024, 17, 3229 2 of 16

for more than 90% of the whole blade mass; the rest comprises core materials, adhesives,
coatings, and metal lightning rods [12–14]. GFRC can be regarded as a composite material
of resin and glass fiber. Resin serves as the matrix, balancing load and protecting glass
fiber. Glass fiber, as a reinforcement material, enhances the overall mechanical properties.
Since the resin in GFRC is a thermosetting resin, separating the matrix and reinforcing
material through remelting is challenging [15,16]. Due to the extremely complex materials
and manufacturing processes used in wind turbine blade manufacturing, managing a large
quantity of DWTBs has become one of the major challenges of solid waste treatment in the
wind power industry [17].

Development of treatment technologies for DWTBs has gained significant international
attention [18]. Various processes, each with its advantages and limitations, are being
explored. Landfill is the most common method to dispose of DWTBs, but it poses challenges
such as land occupation and the release of toxic substances like styrene. Many countries
have implemented regulations such as taxation, fines, or bans on DWTBs landfilling [19–21].
Mechanical treatment is a low-cost and simple way to realize the separation of glass fiber
and resin. The products obtained by crushing and other means can be used as fillers in
architecture and other fields, but a large amount of dust will be generated during the
treatment process, and the mechanical action damages the glass fiber and does not allow for
a complete separation of the resin and glass fiber, so that the value of the products obtained
by mechanical treatment is low [22,23]. Combustion presents a swift means of reducing
DWTBs, but emits harmful gases and residues, damaging the glass fiber’s performance,
and glass fiber will cause combustion difficulties and interfere with the flue gas purification
system [24,25]. Chemical treatment is a promising recovery method, using solvents to
dissolve resin and recover glass fiber. However, the high-temperature and high-pressure
reaction conditions will consume a large amount of energy, and the recovered reagents are
difficult to dispose of, so the recycling system needs to be further improved [26,27].

Pyrolysis treatment can cause slight damage to the strength properties of glass fiber,
and can lead to the cracking and separation of resins and adhesives at medium to high
temperatures, without producing harmful gases like dioxins [28–30]. The inert compo-
nent, glass fiber, can be completely separated and can be used for further recycling and
utilization, meeting the requirements of circular economy. Yang et al. [31] proposed that
the pyrolysis method is an effective method to deal with heterogeneous complex wastes,
and proposed a new concept of recovering materials and energy from the pyrolysis process
of blades, indicating that the pyrolysis of DWTBs has a good development prospect. Many
scholars have conducted laboratory studies on the pyrolysis characteristics of composite
materials [32,33], but there is limited information available on the industrial-scale pyrolysis
treatment of DWTBs. Zhang et al. [34] conducted microwave pyrolysis experiments on
DWTBs and obtained high calorific value gas and tar. Yousef et al. [35] studied the kinetics
of DWTBs and tried to recover styrene during pyrolysis. Xiong et al. [11] conducted co-
pyrolysis experiments on DWTBs and coal, and analyzed the transformation behavior of
typical pollutants. Wu et al. [36] used Py-GC/MS technology to study the synergistic effect
of epoxy resin and polyurethane pyrolysis. This study explores the pyrolysis characteristics
of DWTBs for industrial applications, introducing an innovative approach involving using
pyrolysis gas combustion for heat supply, flue gas circulation as the pyrolysis medium, and
recycling fibers at the same time, which provides important support for the application of
large-scale and resource-based treatment technology of DWTBs.

2. Materials and Methods
2.1. Material

The experimental raw material was sourced from DWTBs that were cut on-site and
transported back. The metal parts in the blades, such as lightning arrester wires, which
are easily recoverable and constitute a small portion, were removed from the blades. The
remaining part is shown in Figure 1, and the blade is divided into four types based on
different materials: GFRC, core material 1, adhesive, and core material 2. The position of
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the four materials in the blade is shown in Figure 1, and the mass ratio of the four materials
in the blade is detailed in Table 1. The resin (epoxy resin) and fabric comprise GFRC, which
accounts for about 87% of the total blade mass, and is the main material of the blade. In
this study, GFRC is taken as the research object and cut into 50 × 50 × 12 mm blocks for
the pyrolysis experiment.
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Table 1. The quality ratio of four materials for DWTBs.

Materials GFRC Adhesive Core
Material 1

Core
Material 2 Others

Mass proportion/% 87.07 3.55 1 1 7.38

Table 2 shows the proximate analysis and ultimate analysis of GFRC, revealing the
ash content is as high as 76.4%, and the ash is mainly glass fiber with a high melting point,
which makes it difficult to degrade. Table 3 shows the XRF analysis of GFRC, in which the
main elements are Si, Ca, Al, etc., with low levels of C and H elements contributing to its
diminished calorific value.

Table 2. Proximate analysis and ultimate analysis of GFRC.

Proximate Analysis/% Ultimate Analysis/% Low Calorific Value
Mar Aar Var FCar Car Har Oar Nar Sar Qnet.ar/kJ/kg

0.23 76.4 22.25 1.12 15.89 2.19 4.79 0.714 0.02 7119.7

Table 3. XRF analysis of GFRC.

Compound SiO2 CaO Al2O3 MgO TiO2 Cl Fe2O3 K2O

Proportion/% 56.282 15.508 14.618 8.775 1.907 1.042 0.697 0.592

2.2. Experimental Study of Thermogravimetric Properties

The weight-loss characteristics of the four samples were analyzed by thermogravi-
metric analyzer under nitrogen atmosphere at a gas flow rate of 100 mL/min, and the
temperature was 20–820 ◦C. TG and DTG curves were obtained through data processing.
According to the conversion rate of the material, the relationship curve between ln

(
β dα

dT

)
and 1000/T was obtained by the Friedman method, and then the activation energy of the
material was calculated according to the slope of the curve.

2.3. Experimental Study of Pyrolysis Properties

The pyrolysis experiments of the material were divided into fast pyrolysis experi-
ment and slow pyrolysis experiment, and the effects of heating rate and experimental
temperature, respectively, on the pyrolysis process were investigated. The slow pyrolysis
experimental system, illustrated in Figure 2a, consisted of a nitrogen cylinder, mass flowm
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eter, horizontal tube furnace, condensing device, gas sampling device, and Fourier Trans-
form Infrared Spectrometer. In each experiment, 40 g of the sample was put into the middle
position of the quartz tube in the horizontal tube furnace, nitrogen was introduced into
the quartz tube as the pyrolysis medium, and the flow rate of the gas was controlled by
the mass flow meter to be 1 L/min. In the experiment, the temperature was set to increase
from 20 ◦C to 900 ◦C at the rates of 15 ◦C/min, 20 ◦C/min, 25 ◦C/min, and 30 ◦C/min,
respectively, according to the research of Ge et al. [37]. The composition of the pyrolysis
gas was analyzed by Fourier Transform Infrared Spectrometer to determine the type and
concentration of compounds in the gas mixture. Following the heating procedure of the
tube furnace, the pyrolysis oil in the condensing unit was collected. After the tube furnace
cooled to room temperature, the experimental sample was taken out of the quartz tube.
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The fast pyrolysis system, depicted in Figure 2b, consists of a nitrogen gas cylinder,
mass flow meter, vertical tube furnace, gas sampling device, and Fourier Transform Infrared
Spectrometer. During the experiment, the set temperature was increased from 20 ◦C to
400 ◦C, 500 ◦C, 600 ◦C, and 700 ◦C, respectively, according to the research of Xu et al. [38].
The sample was placed at the inlet of the quartz tube, and the whole gas path was purged
with nitrogen for about 30 s to ensure the inert atmosphere required for the pyrolysis
reaction. A Fourier Transform Infrared Spectrometer was used to acquire the background
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gas of the system. After purging, the nitrogen flow rate was increased to blow the experi-
mental samples into the reaction zone of the tube furnace, and the flow rate of nitrogen
used in the experiment was about 2.7 L/min, with a sample mass of 1 g for each group.
The composition and concentration of pyrolysis gas were analyzed by Fourier Transform
Infrared Spectrometer.

2.4. Char Removal Experiment

The surface of the solid product after pyrolysis was covered with black carbide,
requiring elimination to obtain pure glass fiber for subsequent reuse, which was also in
line with the principle of sustainability [39]. The char removal experimental platform
used the slow pyrolysis experimental platform as shown in Figure 2a, with the difference
that the atmosphere was changed to air, so that the char underwent oxidation at higher
temperatures. The generated gas was taken away to obtain high-value-added glass fiber.

3. Results and Discussion
3.1. Experimental Results of Thermogravimetric Properties

The TG and DTG curves of GFRC under different heating rates are shown in Figure 3,
from which it can be seen that, at the lowest heating rate (5 ◦C/min), the mass of GFRC
decreased starting at about 260 ◦C and remained basically unchanged at 522 ◦C. At this
time, the pyrolysis reaction was completed and the weight loss was about 17.5%. At the
highest heating rate (20 ◦C/min), the pyrolysis reaction of GFRC started at about 278 ◦C,
and concluded at 530 ◦C, with a weight loss of about 18%. The corresponding DTG peaks
at different heating rates were 356 ◦C, 363 ◦C, 380 ◦C, and 385 ◦C, respectively. The TG and
DTG curves had the same change pattern, and all DTG curves had one peak, indicating
that the pyrolysis of GFRC only had one rapid weight-loss process. With the increase in
heating rate, the TG and DTG curves moved towards a higher temperature due to the
limitation of heat transfer in the thermogravimetric experiments. At a higher heating rate
of 20 ◦C/min, the surface temperature of the material rose rapidly, while the interior lagged
behind, resulting in heating delay. Through the thermogravimetric analysis data, it can be
seen that the pyrolysis reaction of DWTBs could be completed within the range of 600 ◦C.
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1000/T under different conversion rates during DWTB pyrolysis were fitted, as shown
in Figure 4. As can be seen from the figure, when α ranged from 0.1 to 0.9, the curves of
ln
(

β dα
dT

)
and 1000/T had a good fit, and the activation energy of GFRC could be obtained

according to the slope analysis of the curve, and its value was 196.0874 kJ/mol.
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3.2. Experimental Results of Slow Pyrolysis Properties
3.2.1. Effect of Pyrolysis Time on Morphological Characteristics of Blades

Under the pyrolysis temperature of 550 ◦C, the pyrolysis time was set as 5 min, 10 min,
15 min, and 20 min, respectively, and the samples were taken out and scanned by SEM. The
morphology changes during the pyrolysis of GFRC are illustrated in Figure 5a. Initially,
the surface of the material turned brown gradually in about 5 min after the beginning of
the pyrolysis, the reason being that the organic resin in the composite began to decompose
to produce simple hydrocarbons at high temperatures, like methane, ethane, etc. These
hydrocarbons reacted with carbon sources in the surrounding environment to form oxygen-
containing or nitrogen-containing intermediary products, thereby causing a yellow or
brown appearance on the surface [40,41]. About 15 min after the start of pyrolysis, it was
observed that the brown color on the surface of the material changed to black. This was
due to the further reaction of the above intermediates, the cracking of organic molecules,
and the release of carbon elements, leading to the formation of carbonaceous substances,
which accumulated on the surface of the material and caused it to turn black [42].
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The SEM analysis of GFRC with different reaction time is shown in Figure 5b. The
original GFRC sample showed the glass fiber cylinder closely linked with the polymer.
After the pyrolysis reaction at 550 ◦C for 5 min, the polymer on the surface of the glass
fiber was partially decomposed. After 10 min of pyrolysis, the polymer was completely
decomposed. Following 15 min of pyrolysis, carbides could be formed on the fiber surface.
After pyrolysis for 20 min, a certain amount of carbide accumulated on the surface of
the fiber.

3.2.2. Product Analysis of Slow Pyrolysis Process

The generation characteristics of pyrolysis gas products at different heating rates are
shown in Figure 6. At a heating rate of 15 ◦C/min, the amount of CH4 gas released was
the largest, and its peak concentration was also the largest. When the heating rate was
20 ◦C/min, the peak concentrations of gases generated by pyrolysis were all increased,
among which the peak concentration of CO increased to be close to that of CH4, and the
peak concentrations of the two were the highest. When the temperature increase rate
was 25 ◦C/min, the release of CO gas in the pyrolysis process increased significantly and
surpassed other gases. The pyrolysis gas release pattern when the temperature increase
rate was 30 ◦C/min was similar to that of 25 ◦C/min, and the release of CO gas was much
larger than other gases.
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In addition, pyrolysis gases at different heating rates were similar, including CO2,
C3H6, C2H4, CH4, CO, etc., which differed only in the formation temperature and the
peak concentration temperature. And the formation temperature and peak concentration
temperature increased with the increase in heating rate, which was due to the thermal delay
and uneven heat transfer caused by the increase in heating rate, which was consistent with
the research results of Chen and Yun et al. [43,44]. The results showed that a higher heating
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rate could be selected for industrial pyrolysis of DWTBs to obtain a higher proportion
of combustible gas, which was also beneficial to the recovery and utilization of GFRC
pyrolysis gas.

Figure 7 illustrates the mass percentage of the remaining solid, generated liquid, and
generated gas after pyrolysis of GFRC at different heating rates. With the increase in heating
rate, tar yield increased, gas and char yield decreased, but the overall difference was not
significant; the tar yield obtained at the heating rate of 30 ◦C/min was 1.2 times higher
than that of 15 ◦C/min. This can be attributed to the fact that the resin material reached
the set temperature quickly at higher heating rates and then produced volatile free radical
fragments, shortening the residence time of its escape from the inside of the material and
reducing its reaction behavior.
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3.3. Experimental Results of Fast Pyrolysis Properties

The emission patterns of CO, CH4, CO2, C2H4, and C3H6 gas concentrations over
time under different temperature conditions are shown in Figure 8. At 400 ◦C, a small
amount of gas was released during the pyrolysis process. The concentration of C3H6 gas
was relatively high, and the release of CO2 gas was the earliest. When the temperature
was 500 ◦C, the concentration of CO, C3H6, and CH4 gas increased significantly. Among
these, CO and C3H6 exhibited the highest concentrations, and their peak concentrations
were close, followed by CH4. When the temperature was 600 ◦C, CO emission was the
most prominent, and the release of CO2 was the least. When the pyrolysis temperature was
700 ◦C, the release amount of CO gas was the largest, there was a significant gap between
the release of other gases, and the release amount of CO2 was the least. However, at a higher
pyrolysis temperature, the performance of glass fiber would be seriously damaged. For
comprehensive consideration, it is recommended that the industrial pyrolysis temperature
should be 600 ◦C to realize the high calorific value of pyrolysis gas and the maximum
retention of glass fiber strength.

Figure 9 shows the variations of residual solid mass at different pyrolysis temperatures.
The data illustrate a decrease in both the rate of weight loss and the amount of weight lost
from GFRC materials as the pyrolysis temperature increases. High temperature intensified
the formation and reaction of volatiles, resulting in more complete pyrolysis and higher
volatile components. In addition, by comparing the yield and concentration of pyrolysis
gas at 400 ◦C and 600 ◦C, complete pyrolysis could be achieved faster at temperatures of
600 ◦C, and the gas generated by pyrolysis at 600 ◦C contained a higher amount of CH4 and
CO, which was because the decomposition of GFRC material was more sufficient and more
methyl radicals were generated to form more CH4. The temperature increment was also
conducive to the secondary pyrolysis of pyrolysis oil to generate combustible gas. Overall,
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pyrolysis at 600 ◦C will produce more combustible gas, which has higher economic and
recycling value and can be used as combustible gas.

Energies 2024, 17, x FOR PEER REVIEW 9 of 16 
 

 

the concentration of CO, C3H6, and CH4 gas increased significantly. Among these, CO and 
C3H6 exhibited the highest concentrations, and their peak concentrations were close, fol-
lowed by CH4. When the temperature was 600 °C, CO emission was the most prominent, 
and the release of CO2 was the least. When the pyrolysis temperature was 700 °C, the 
release amount of CO gas was the largest, there was a significant gap between the release 
of other gases, and the release amount of CO2 was the least. However, at a higher pyrolysis 
temperature, the performance of glass fiber would be seriously damaged. For comprehen-
sive consideration, it is recommended that the industrial pyrolysis temperature should be 
600 °C to realize the high calorific value of pyrolysis gas and the maximum retention of 
glass fiber strength. 

Figure 9 shows the variations of residual solid mass at different pyrolysis tempera-
tures. The data illustrate a decrease in both the rate of weight loss and the amount of 
weight lost from GFRC materials as the pyrolysis temperature increases. High tempera-
ture intensified the formation and reaction of volatiles, resulting in more complete pyrol-
ysis and higher volatile components. In addition, by comparing the yield and concentra-
tion of pyrolysis gas at 400 °C and 600 °C, complete pyrolysis could be achieved faster at 
temperatures of 600 °C, and the gas generated by pyrolysis at 600 °C contained a higher 
amount of CH4 and CO, which was because the decomposition of GFRC material was 
more sufficient and more methyl radicals were generated to form more CH4. The temper-
ature increment was also conducive to the secondary pyrolysis of pyrolysis oil to generate 
combustible gas. Overall, pyrolysis at 600 °C will produce more combustible gas, which 
has higher economic and recycling value and can be used as combustible gas. 

  

(a) (b) 

  

(c) (d) 

Figure 8. Production characteristics of pyrolysis gas products at different pyrolysis temperatures. 
(a). 400 °C; (b). 500 °C; (c). 600 °C; (d). 700 °C. 

Figure 8. Production characteristics of pyrolysis gas products at different pyrolysis temperatures.
(a). 400 ◦C; (b). 500 ◦C; (c). 600 ◦C; (d). 700 ◦C.

Energies 2024, 17, x FOR PEER REVIEW 10 of 16 
 

 

 
Figure 9. Mass ratio of residual solids at different pyrolysis temperatures. 

3.4. Experimental Results of Char Removal Experiment 
The solid product obtained by pyrolysis at 600 °C for 10 min was taken as the research 

object. The char removal reaction temperature was set at 550 °C in an air atmosphere, and 
the residence time was 10 min, 20 min, 30 min, 40 min, 50 min, and 60 min, respectively. 
The removal process of carbide on the surface of glass fiber is shown in Figure 10. It can 
be seen that when the oxidation time was about 40 min, the carbide on the surface of glass 
fiber reacted completely. At this time, the surface of the fiber was white, and glass fiber 
with a relatively clean surface was obtained. 

 
Original 10 min 20 min 30 min 40 min 50 min 60 min 

(a) 

Original 10 min 20 min 40 min 60 min 
(b) 

Figure 10. Removal of char from glass fiber surface and SEM analysis. (a). Sample after pyrolysis at 
different time; (b). SEM analysis at different time. 

4. Simulation of Pyrolysis Process 
Most current pyrolysis experiments require external heating and a separate supply 

of pyrolysis atmosphere [45–48], leading to high energy consumption and costs. In order 
to reduce the cost of centralized treatment of DWTBs, this study innovatively proposed a 
thermal energy utilization scheme in which pyrolysis gas was re-combusted as fuel and 
the flue gas after combustion was used as the pyrolysis medium, and its performance was 
predicted. The feasibility of CO2 atmosphere as a pyrolysis atmosphere has been demon-
strated [49]. 

  

Figure 9. Mass ratio of residual solids at different pyrolysis temperatures.



Energies 2024, 17, 3229 10 of 16

3.4. Experimental Results of Char Removal Experiment

The solid product obtained by pyrolysis at 600 ◦C for 10 min was taken as the research
object. The char removal reaction temperature was set at 550 ◦C in an air atmosphere, and
the residence time was 10 min, 20 min, 30 min, 40 min, 50 min, and 60 min, respectively.
The removal process of carbide on the surface of glass fiber is shown in Figure 10. It can be
seen that when the oxidation time was about 40 min, the carbide on the surface of glass
fiber reacted completely. At this time, the surface of the fiber was white, and glass fiber
with a relatively clean surface was obtained.
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4. Simulation of Pyrolysis Process

Most current pyrolysis experiments require external heating and a separate supply
of pyrolysis atmosphere [45–48], leading to high energy consumption and costs. In order
to reduce the cost of centralized treatment of DWTBs, this study innovatively proposed a
thermal energy utilization scheme in which pyrolysis gas was re-combusted as fuel and
the flue gas after combustion was used as the pyrolysis medium, and its performance
was predicted. The feasibility of CO2 atmosphere as a pyrolysis atmosphere has been
demonstrated [49].

4.1. Pyrolysis System Model

The DWTB pyrolysis system is based on the following pyrolysis treatment process,
which is illustrated in Figure 11, which consists of a feeding system, chain furnace pyrolysis
system, and re-combustion system. The DWTBs were pre-cut before the pyrolysis reaction,
with the feeding system transporting the material to the chain grate furnace. The feeding
system could adjust the amount and speed of the materials according to the actual needs
to ensure the stability and continuity of the pyrolysis reaction. The blade underwent
high-temperature pyrolysis reaction in the chain grate furnace, the heat was provided
by hot fuel gas, the pyrolysis gas was introduced into the re-burner for combustion, and
the non-reactive glass fiber was collected for subsequent treatment and reuse. The use
of a chain grate greatly satisfied the need for continuous treatment and stable pyrolysis
of DWTBs, and preserved the integrity of the fibers. According to the basic flow of the
proposed pyrolysis process, a process flow diagram as shown in Figure 12 was established
based on Aspen Plus software.
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Figure 12. Process flow of wind turbine blade pyrolysis system based on Aspen Plus.

The pyrolysis reactions of DWTBs involve pyrolysis reactions and combustion reac-
tions, which are respectively realized by the pyrolysis module and the combustion module
in the system. The reactions in both the pyrolysis module and the combustion module
are achieved by the RGibbs reactor, which is a thermodynamically balanced reactor based
on the Gibbs free energy minimization principle [50–52]. The boundary conditions of the
pyrolysis system process flow model are shown in Table 4.

Table 4. Boundary conditions of the pyrolysis system model.

Name Module Parameter Unit Value

Blade Material BLADE Flow rate kg/h 100
Air AIR Flow rate kg/h 257
Air AIR Temperature ◦C 25

Decomposition module DECOMP Temperature ◦C 400
Decomposition module DECOMP Pressure kPa 121.325

Pyrolysis module PYROOUT Pressure kPa 121.325
Pyrolysis module COMBUST Pressure kPa 101.325

Name Module Parameter Unit Value

The pyrolysis reaction is mainly the pyrolysis reaction of polymer organic matter in
DWTBs, and the products are mainly C, H2, H2O, CO, CO2, CH4, tar, and other hydrocarbon
substances, which can be approximated by chemical equation:

CHxOy = n1C + n2H2 + n3H2O + n4CO + n5CO2 + n6CH4
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4.2. Simulation Results and Analysis

When the pyrolysis temperature was 550 ◦C, the mass flow rate of each section of
the DWTB pyrolysis system was calculated. The pyrolysis gas had a low calorific value of
1503 kJ/kg, with gases containing high calorific values being H2, CO, and CH4.

By adjusting the proportion of the recirculation flue gas (defined as the proportion
of flue gas used as the pyrolysis medium), simulation yielded operational data under
various conditions. The pyrolysis temperature and flue gas temperature under different
recirculation ratios are shown in Figure 13. The pyrolysis temperature was modifiable
by adjusting the recirculation flue gas ratio. The pyrolysis temperature increased from
267 ◦C to 867 ◦C when the recirculation flue gas ratio increased from 0.4 to 0.8. With the
increase in the proportion of recirculation flue gas, the flue gas temperature after pyrolysis
gas combustion had almost no change. At a 66% recirculation flue gas ratio, the pyrolysis
temperature was 600 ◦C, meeting the temperature required for the pyrolysis of DWTBs.
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Setting the pyrolysis temperature at 600 ◦C and altering the proportion of recirculation
flue gas, the changes of pyrolysis gas composition are depicted in Figure 14. The trends
indicated that the gas concentration of CO2, H2, and CO initially increased and then
decreased as the ratio of recirculation flue gas increased, while H2O was the opposite,
which was mainly affected by the dilution effect of the flue gas on the pyrolysis gas. CH4
showed a decreasing trend, because its generation was inhibited in the CO2 atmosphere.
The H2 and CH4 concentration in the pyrolysis gas almost reached the highest value when
the recirculation flue gas ratio was 66%, and the pyrolysis gas also had a high calorific
value, indicating that it was the optimal ratio for the pyrolysis treatment of DWTBs in
this process.

When conducting industrial scale-up experiments based on simulation results, addi-
tional attention should be paid to the insulation of the pipeline to prevent the blockage
and corrosion of the pipeline due to tar condensation. At the same time, an appropriate
heating rate can be adopted to achieve higher pyrolysis gas production and energy recovery
efficiency. In the process of char removal, adequate oxygen supply is maintained to avoid
the production of toxic gases such as CO, and heat exchangers can be installed to achieve
higher energy recovery efficiency.

According to the pyrolysis experiment, the key parameters of pyrolysis were obtained.
The feasibility of the pyrolysis-energy recovery scheme was verified by numerical simu-
lation, and the appropriate intermediate parameters were calculated. At the same time
as the final realization of solid waste reduction, the energy self-maintenance of the whole
heat treatment process was realized, making it a profitable treatment method, which also
provided a reference for other types of solid waste treatment.
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5. Conclusions

Aiming at the development of low-energy-consumption treatment and resource uti-
lization technology, this paper studied the thermogravimetric, slow pyrolysis and fast
pyrolysis characteristics of wind turbine blade pyrolysis by means of experimental research
and numerical simulation. A low-cost, low-energy-consumption and low-pollution pyroly-
sis process for DWTBs (decommissioned wind turbine blades) is innovatively proposed.
Aspen Plus was employed to carry out the process simulation calculation, which verified
the feasibility of the scheme and proposed appropriate process operation parameters.

The weight-loss law and kinetic properties of the pyrolysis process of GFRC, the main
component of wind turbine blade materials, were analyzed. By studying the weightlessness-
temperature law of GFRC, it was found that the pyrolysis reaction of DWTBs could be
basically completed at around 600 ◦C, to provide data reference for the development of a
pyrolysis experiment.

A slow pyrolysis experimental system was established to investigate the pyrolysis
characteristics of GFRC at different heating rates. The formation temperature, peak concen-
tration, and corresponding temperature of CO2, C3H6, C2H4, CH4, and CO produced by
GFRC pyrolysis, along with the proportion of combustible gas in pyrolysis gases, all rose
with the increase in heating rate. After the pyrolysis of GFRC at 600 ◦C, the solid product
can be oxidized at 550 ◦C for 40 min to obtain clean glass fiber. It provided a new way to
solve the current situation of the high cost and low benefit of DWTB pyrolysis.

A fast pyrolysis experimental system was established to analyze the pyrolysis char-
acteristics of GFRC at different temperatures. When the pyrolysis temperature was
400–900 ◦C, the peak concentration of CO gas produced by GFRC pyrolysis was the highest,
the peak concentration of CO, CH4, and C2H4 was at 700 ◦C and 900 ◦C, and the peak
concentration of CO2 and C3H6 was at 700 ◦C. During the pyrolysis of GFRC materials, the
yield of solid products decreased with the increase in temperature and the extension of reac-
tion time. The fast pyrolysis experiment was closer to the parameters of an industrial-scale
pyrolysis device, which could provide a reference for industrial-scale DWTB pyrolysis.

The thermal energy utilization scheme of pyrolysis gas re-combustion as the pyrolysis
medium of DWTBs was proposed, and a numerical simulation was carried out by Aspen
Plus to predict the performance of the process: the pyrolysis temperature increased with the
increase in the proportion of recirculation flue gas. The pyrolysis temperature could reach
600 ◦C when the proportion of recirculation flue gas was 66%, which met the temperature
required for the pyrolysis of DWTBs. It provides a reference for the pyrolysis device to
achieve low energy consumption, miniaturization, and compactness.
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