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Abstract: The rapid expansion of the scale of wind power has led to a wave of efforts to decommission
wind turbine blades. The pyrolysis of decommissioned wind turbine blades (DWTBs) is a promising
technological solution. Microwave pyrolysis offers the benefits of fast heating rates and uniform heat
transfer, making it a widely used method in various heating applications. However, there are few
studies on the microwave pyrolysis of DWTBs, and pyrolysis characteristics under different boundary
conditions remain unclear. In this paper, we investigate the pyrolysis characteristics of DWTBs by
utilizing silicon carbide (SiC) particles as a microwave absorbent. The results demonstrated that,
when the microwave heating power increased from 400 W to 600 W, the heating rate and pyrolysis
final temperature of the material increased, resulting in a reduction in pyrolysis residual solid yield
from 88.30% to 84.40%. At 600 W, pyrolysis gas components included Co;Hy, CHy, and CO, while the
tar components included phenol and toluene. The highest degree of pyrolysis was achieved under
the condition of an SiC particle size of 0.85 mm, with better heating performance, and the calorific
value of the pyrolysis gas generated was 36.95 MJ/Nm3. The DWTBs did not undergo pyrolysis
when SiC was not added. However, when the mass ratio of SiC to DWTBs was 4, the tar yield was
4.7% and the pyrolysis gas yield was 17.0%, resulting in a faster heating rate and the highest degree
of pyrolysis. Based on this, an optimal process for the microwave pyrolysis of DWTBs was proposed,
providing a reference for its industrial application.

Keywords: microwave pyrolysis; decommissioned wind turbine blades; heating power; particle size;
SiC loading

1. Introduction

In order to respond actively to climate change and promote green and low-carbon
development, the world energy system is transitioning towards a near zero emission model,
with a particular focus on advancing the renewable energy sector. Among various green,
clean, and sustainable energy sources, wind energy has emerged as a particularly promising
option due to its advantages of widespread availability, a quick installation process, low
operation and maintenance costs, and high efficiency in power generation. The global
installed capacity of wind turbines has increased exponentially, from 17 GW in 2000 to
923 GW in 2020 [1,2]. This represents a more than 50-fold increase, and the annual installed
capacity continues to maintain a high growth trend. Wind power will continue to play
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a leading role in the new energy system and will also play an important role in future
energy systems.

Wind turbine blades play a pivotal role in the conversion of wind energy into me-
chanical power. They are also the most costly component in the wind turbine, with a
designed service life of 20 to 25 years [3]. With the rapid expansion of the total installed
capacity of wind power and the implementation of technical transformation programs such
as “replacing small with large units”, the old wind turbine blades are undergoing a climax
of retirement worldwide [4]. It is predicted that the retired wind turbine blade volume will
reach a peak of 500,000 tons per year in 2029. With the rapid growth of the installed capacity
of wind turbines, the weight of global wind turbine blades will reach 43.4 million tons
in 2050 [5]. The decommissioning of blades presents a significant challenge in terms of their
disposal. Conventional methods, such as landfilling and incineration, have the potential
to cause environmental harm and contribute to the depletion of resources. Consequently,
there is an urgent need to develop more efficient and eco-friendly blade disposal techniques
in order to achieve the sustainable and circular development of the wind power industry.

Glass-fiber-reinforced composite (GFRC) is currently the most prevalent material used
in wind turbine blades due to its characteristics of high strength, high stiffness, and low
cost characteristics. It accounts for more than 90% of the total blade mass [6,7]. GFRC
can be regarded as a composite material of resin and glass fiber, where the resin acts as
matrix to balance the load and protect the glass fiber, and the glass fiber acts as a reinforcing
material to improve overall mechanical properties. The resin is chemically cross-linked
with the glass fiber during the curing process, and the complexity of the curing process
and the irreversibility of the cross-linking process make it difficult to degrade and recycle
the blades by remelting or reshaping them after decommissioning.

At present, blade recovery technologies are mainly divided into three categories:
mechanical recovery, chemical solvent recovery, and pyrolysis recovery [8-13]. The me-
chanical method cannot achieve a reduction in blade solid waste and cannot recover fiber
for reuse; chemical solvent recovery requires high-temperature and high-pressure condi-
tions, consuming a large amount of energy; and the waste liquid after recovery is difficult
to handle. Compared with the mechanical method and the chemical solvent method, the
pyrolysis method can realize the cracking and separation of the resin at medium- and
low-temperature conditions, recover the glass fiber more completely, generate combustible
gas and liquid tar in the process, and better preserve the mechanical properties of the fiber.
Thus, they can meet the requirements of the circular economy and become one of the most
promising technologies for the treatment of decommissioned wind turbine blades [14-18].

In the pyrolysis method, microwave pyrolysis can realize the heating of the material
from inside to outside, and the resin of the blade can quickly absorb the microwave
radiation energy, thus increasing the decomposition rate. The energy requirement for
conventional pyrolysis of wind turbine blades is about 21.2 MJ /kg [19], while microwave
pyrolysis requires only about 10 MJ/kg [20]. Therefore, microwave pyrolysis has attracted
considerable attention from scholars in recent years due to its advantages of a fast heating
rate and a low processing energy consumption. Deng et al. [21] investigated the recovery of
fiber in composites via microwave pyrolysis, and the fiber obtained had a smoother surface
and shorter reaction time and the chemical structure of the fiber was not significantly
changed. Akesson et al. [22] pyrolyzed glass-fiber-reinforced composites via microwaving,
yielding pyrolytic oil with a high caloric value of 36 MJ/kg. Dan et al. [23] carried out
microwave pyrolysis of shredded wind turbine blades. The recovered fiber lost only 25% of
its strength, which enabled its use producing non-woven fiber felt. Hao et al. [24] observed
coke residue on the surface of the fiber that was recovered via pyrolysis, and obtained
relatively clean and complete fibers after oxidation treatment. The oxygen-containing
groups in the recovered fibers increased. Ren et al. [25] proposed a microwave pyrolysis
oxidation process for the rapid recovery of carbon fiber, and the obtained regenerated
carbon fiber had a tensile strength retention rate of 99.42% and a tensile modulus retention
rate of 96.5%. At the same time, the fiber recovered via microwave pyrolysis had poor
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adhesion to the base material, which could be improved by maleic anhydride-grafted
polypropylene [26]. However, due to the poor wave-absorbing ability of resin and other
materials, microwave absorbent can be added to improve the heating effect. Studies have
shown that SiC has a wide wave absorption band and chemical stability in high-temperature
environments. As such it is recognized as an effective absorbent [27-29] that can achieve the
rapid heating of materials. However, there are no relevant reports on the use of SiC as an
absorbent in the pyrolysis of wind turbine blades. In order to reduce energy consumption
via pyrolysis, the microwave pyrolysis characteristics of decommissioned wind turbine
blades, using SiC as an absorbent, were investigated in this paper. Additionally, the effects
of the key parameters affecting microwave heating, including microwave heating power,
SiC particle size, and SiC loading, for the pyrolysis of wind turbine blades were analyzed.
This provides important technical and data support for the subsequent large-scale and
resourceful application of microwave pyrolysis for decommissioned wind turbine blades.

2. Materials and Methods
2.1. Materials

Figure 1 depicts the decommissioned wind turbine blade (DWTBs) and SiC particles
utilized in the experiment. The DWTBs were sourced from a commercial wind farm in
China and served as the primary ingredient, namely, glass fiber-reinforced composite
(GFRC). Then, they were subsequently cut into 10 x 10 x 10 mm blocks. The SiC was
supplied by Hebei Qinghe Andy Metal Material Co., Ltd (Xingtai. China). The DWTBs em-
ployed in the experiment were primarily composed of E-glass fibers (76.5 wt%) and bisphe-
nol A-type epoxy cured by amines (23.5 wt%), exhibiting a density of 1.99 x 10% kg/m?3.
Table 1 presents the proximate analysis and ultimate analysis of DWTBs, which was per-
formed using an industrial analyzer (Thermostep, Krohne, Germany) and an elemental
analyzer (Vario EL III, Hanau, Germany), revealing a notably high ash content of 76.4%.
The ash predominantly comprises glass fiber with a high melting point and is difficult to
degrade naturally, consequently resulting in its low calorific value. Table 2 illustrates the
XREF analysis of DWTBs, obtained by a X-ray fluorescence spectrometer (SPECTRO XEPOS,
Kleve, Germany), in which the main elements are Si, Ca, Al, etc. The density and purity of
SiC as a microwave absorbent were 3.23 x 10% kg/m> and 97%, respectively. The absorbent
was sieved into five particle levels with a standard sieve according to the experimental
demand, with the median particle sizes being 0.06 mm, 0.09 mm, 0.85 mm, 2 mm, and
3 mm, respectively.

(a)

Figure 1. Picture of wind turbine blade and SiC. (a) Wind turbine blade; (b) SiC particle.
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Table 1. Proximate analysis and ultimate analysis of DWTBs.

Proximate Analysis/Mass% Ultimate Analysis/Mass% Low Calorific Value
Mar Aar Var FCar Car Har Oar Nar Sar Qnet.ar /k.]/kg
023 764 2225 112 1589 219 479 0714 0.02 7119.7

Table 2. XRF analysis of DWTBs material.

Compound SiO, CaO Al,O3 MgO TiO, Cl Fe, O3 K,O
Mass ratio/ % 56.282 15.508 14.618 8.775 1.907 1.042 0.697 0.592

2.2. Experimental System

Figure 2 illustrates the microwave pyrolysis experimental system, comprising a mi-
crowave heating device, vacuum pumping device, temperature monitoring device, reaction
kettle, condensation tube, and gas bag. The microwave heating device, manufactured by
Longyu Co., Ltd. (Nanyang, China), had a maximum power of 1000 W, an accuracy of
1 W, and a microwave frequency of 2450 MHz. The temperature monitoring device was
employed to monitor the temperature change of the material in the reactor in real time.
The reactor was constructed from quartz glass and had a capacity of 100 mL. The pyrolysis
product was passed from the reactor to the condenser device via the connecting tube, and
the tar was cooled down sufficiently using iced water and condensed for GC-MS (QC-MS)
analysis. The pyrolysis gas, collected in the bag, was analyzed by gas mass spectrome-
try (LC-D200M Tilon, UT, USA) and a portable infrared gas analyzer (Gasboard-3100P,
Wuhan, China).

25'C "

- |
10 I
5

Figure 2. Schematic diagram of microwave pyrolysis experimental equipment: (1) microwave heating
device, (2) reaction kettle, equipped with DWTBs and SiC, (3) connecting tube, (4) valve, (5) vacuum
pump, (6) tar condensing device, (7) bracket, (8) gas bag, (9) power monitor (the accuracy is 0.001 w),
and (10) temperature monitoring device (the accuracy is 0.001 °C).

2.3. Experimental Procedures

The objective of this study was to investigate the impact of microwave power, mi-
crowave absorbent particle size, and microwave absorbent loading on the gas and oil
production characteristics of DWTBs pyrolysis. Table 3 outlines the experimental condi-
tions tested in this study. It was demonstrated in previous studies that glass fiber exhibited
thermal stability within a temperature range of 30-900 °C [30], whereas resin was unable
to undergo pyrolysis reactions at a temperature below 400 °C [31]. At temperatures above
500 °C, the pyrolysis process was significantly accelerated, resulting in the production of
a considerable quantity of aromatic chemicals [32]. The results of microwave pyrolysis
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research indicated that a microwave heating power from 400 to 600 W was necessary to
ensure adequate pyrolysis of resin and prevent excessive damage to the strength of the
glass fiber. Jing et al. [33] demonstrated that the amount of absorbent had an impact on
the temperature distribution of the system, while Fan et al. [34] showed that an appropri-
ate amount of absorbent could promote the pyrolysis process. In this study, the loading
capacity of SiC was set in the range of 0-80 g. Liu et al. [35] demonstrated that the energy
absorption efficiency of materials was influenced by the particle size of the absorbent.
In this study, five SiC particle sizes were selected in order to investigate their impact on
pyrolysis characteristics.

Table 3. Experimental design of SiC-assisted microwave pyrolysis of DWTBs.

Run Microwave Power (W)  Sic Loading Capacity (g)  Sic Particle Size (mm)
Run 1 400 80 0.85
Run 2 450 80 0.85
Run 3 500 80 0.85
Run 4 550 80 0.85
Run 5 600 80 0.85
Run 6 600 80 2
Run 7 600 80 3
Run 8 600 80 0.09
Run 9 600 80 0.06

Run 10 600 60 0.85
Run 11 600 40 0.85
Run 12 600 20 0.85
Run 13 600 0 0.85

Prior to the commencement of the experiment, 20 g of DWTBs was added to the reactor,
the mass of DWTBs was recorded as Wy, and then SiC was added and mixed evenly. The
mass of the reactor after loading DWTBs and SiC was recorded as W1y, and the mass of
the thermocouple, condensing tube, and connecting tube before the reaction was Wg. The
reactor, thermocouples, condenser tubes, vacuum pump, and gas bag were connected in
accordance with the configuration depicted in Figure 2. The reaction kettle in the microwave
heating device was insulated with quartz cotton, and ice was added to the condensing
device to ensure a cooling effect. Initially, the vacuum pump was activated to remove
air from the reaction vessel and pipeline, thereby creating an oxygen-free atmosphere.
Subsequently, the microwave heating device, temperature monitoring device, and power
monitor were activated, and the heating device was deactivated when no pyrolysis gas was
produced. Finally, the mass of the reaction vessel with DWTBs and SiC after the reaction
was weighed as W13, and the mass of the thermocouple, condensing tube, and connecting
tube after the reaction was Wj1. The pyrolysis gas, tar, and solid yields were calculated
according to the following formula:

Wa1 — Wy
0

Yo = x 100% 1)

(Wig — Wiq) — (Way — Wap)
Wo

Yeas = x 100% @)

Ysolid = 1 — Yo — Ygas 3)

where Y1, Ygas, and Yjiq are tar, pyrolysis gas, and pyrolysis solid yields (%), respectively.
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3. Results and Discussion
3.1. Effect of Microwave Heating Power on Pyrolysis Products
3.1.1. Gas Yield and Oil Yield at Different Microwave Heating Power

Figure 3 illustrates the gas, oil, and solid yield under different microwave heating
powers (in Run 1~Run 5, the SiC loading is 80 g and the particle size is 0.85 mm). The
combined yield of tar and pyrolysis gas increased from 15.60% to 21.70% as the microwave
heating power increased from 400 W to 600 W. Pyrolysis gas and tar exhibited high calorific
values, and the increase in their combined yields also indicated that the increase in mi-
crowave heating power increased the pyrolysis degree. At a lower microwave heating
power, insufficient energy was available to break the molecular bonds of the resin, resulting
in a higher solid yield, which aligned with the research law of Fan et al. [36].

Il sotid [ W tar [ pyrolysis gas

20
10 -
0
400 450 500 550 600

Microwave heating power (W)

(=3
(<=}

Proportion of pyrolysis products (%)

Figure 3. Mass ratio of pyrolysis products under different microwave heating power (the SiC loading
is 80 g, and the particle size is 0.85 mm).

The increase in microwave heating power resulted in a monotonic increase in pyrolysis
gas yield, while the tar yield displayed an initial increase, followed by a decrease. At higher
levels of microwave heating power, the peak heating temperature and pyrolysis termination
temperature increased due to the uneven temperature distribution and heat delay inside
the DWTBs [37,38], which was conducive to the promotion of the pyrolysis process and a
reduction in the pyrolysis coke yield. Concurrently, elevated microwave heating power
expedited the heating rate and reduced the duration of pyrolysis, thereby facilitating the
formation of volatile products. However, when the microwave heating power continued
to increase, the secondary pyrolysis of tar and other macromolecular substances led to a
decline in the tar yield [39], while the pyrolysis gas yield increased rapidly, which was in
accordance with the observations of Fagbemi et al. [40,41].

3.1.2. Gas Component at Different Microwave Heating Power

Figure 4 illustrates the variations in pyrolysis gas components under different mi-
crowave heating powers. It was evident that the primary components of pyrolysis gas
included CyHy, CHy, O,, CO,, C3Hg, Hy, etc. The percentage of C,Hy in pyrolysis gas
was the highest, reaching 44.1%. When the microwave heating power reached 550 W,
the output of C;Hy began to decrease, indicating that the re-pyrolysis effect began to be
obvious at this time, thus generating CH4 and CO. It is noteworthy that the pyrolysis
gas exhibited a higher concentration of O, with a range from 13.08% to 17.09%. This
phenomenon may be attributed to the breaking of chemical bonds in resin molecules, such
as C-H, C-C, and C-O, at elevated temperatures. This process results in the formation
of numerous oxygen-containing free radicals, which subsequently react to generate O,.
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Furthermore, the breaking of oxygen-containing chemical bonds released oxygen atoms
or small molecules containing oxygen (such as CO, CO;), which recombined to form O,
through a series of intermediate reactions. The vacuum conditions facilitated gas escape
and cooling, reducing the possibility of oxygen reacting with other substances while en-
hancing oxygen generation. At the same time, the equipment limitations precluded the
complete realization of the vacuum environment, resulting in a residual oxygen content
that contributed to a slight increase in oxygen production. In practical industrial pyrolysis
equipment, it is recommended to extend the residence time of pyrolysis gas for as long as
possible to prevent the risk of explosion.

[(E]co []co, (n, [_]Jcn,
[ &, I ¢, [T ¢, [T 5
[ o,

S50 f

40

30

20

10

Pyrolysis gas components (%)

Microwave heating power (W)

Figure 4. Pyrolysis gas components under different microwave heating power (the SiC loading is
80 g, and the particle size is 0.85 mm).

Figure 5 presents the calorific value (Qnet—determined based on the weighted calorific
value of the single gas and the composition of pyrolysis gas) and the converted heat
(Qnet total—the energy converted according to the mass of pyrolysis gas components) of
pyrolysis gas under different microwave heating powers, which are calculated according
to equations 4 and 5. It can be observed that the calorific value of the gas exhibited an
initial increase and subsequent decline with the rise in microwave heating power. This
phenomenon could be attributed to the fact that with the enhancement of microwave
heating power, the degree of resin pyrolysis initially increased, resulting in the enhanced
production of C,Hy4 with a high calorific value. Subsequently, as the microwave heating
power continued to increase, the re-pyrolysis effect of the tar became more pronounced. It
was inferred that low molecular weight substances, such as H, and CH,4, were produced
by the tar re-pyrolysis.

Qnet = Z Qinet X fi (4)

Qnet,total = Z Qinet X Vi ()

where Q' is the unit calorific value of each component gas (J/Nm?), and f? and V' are
the volume proportion (%) and volume amount (Nm?) of each component gas.

3.1.3. Temperature Rise Characteristic at Different Microwave Heating Power

Figure 6 illustrates the temperature rise curve of the material under different mi-
crowave heating powers. It was evident that an increase in microwave heating power
resulted in an accelerated heating rate and a higher final temperature (the temperature at
25 min) of SiC and DWTBs. With an increase in power from 400 W to 600 W, the tempera-
ture of the system increased from 450 °C to 670 °C. The accelerated heating rate proved to
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be advantageous in terms of enhancing the maximum weight loss rate and reducing the
reaction time. When a higher heating power was used, due to the shorter pyrolysis time
required, the pyrolysis heat absorption became less obvious in the later stage, and so there
was a small temperature rise process at about 20 min.

50
40.20
0.18
—~ 40
2 0.16
£ 0.14
= 30 =
= 012 §
= 0.10 =
> ]
g 20 0.08 =
b=
S 0.06
S
10 0.04
0.02
0 0.00

400 450 500 550 600

Microwave heating power (W)

Figure 5. Calorific value and heat of pyrolysis gas under different microwave heating powers: the
SiC loading is 80 g, and the particle size is 0.85 mm.
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Figure 6. Temperature rise curves of the material under different microwave heating power (the SiC
loading is 80 g, and the particle size is 0.85 mm).

In actual industrial applications, it is not advisable to pursue high microwave heating
power without consideration of the relevant factors. A high microwave heating power
can lead to a high pyrolysis temperature, which in turn can accelerate the generation and
expansion of fiber defects. This results in a sharp decline in the tensile strength of fiber after
pyrolysis [42,43], limiting its secondary use. Furthermore, the prolongation of pyrolysis
time can promote the pyrolysis of resin, but will also reduce the mechanical properties of
fiber [44]. In this study, the experiment was terminated when the pyrolysis gas flow fell
below a specified threshold of 10 mL/min.

Additionally, it was observed in the experiment that there was a minor temperature
drop during the pyrolysis process, as indicated by the orange arrow in Figure 6. Studies
by Wu et al. [45] revealed that the pyrolysis of resin reached its maximum value at 400 °C.
In this study, since resin pyrolysis is an endothermic reaction, the temperature drop stage
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corresponds to the most intense stage of the pyrolysis process. At this stage, the color of
the volatile products can be observed to be darker, as shown in the dark yellow part at the
top of Figure 5, which further verifies that there is a high pyrolysis rate at this stage.

3.2. Effect of Particle Size of Absorbent (SiC) on Pyrolysis Products
3.2.1. Gas Yield and Oil Yield at Different SiC Size

Figure 7 illustrates the mass distribution of pyrolysis products under different SiC
particle sizes (Run 5~Run 9, the SiC loading is 80 g, and microwave power is 600 W). It
can be observed that as, the size of SiC particle increased, the total amount of tar and
pyrolysis gas generated by pyrolysis initially increased and then decreased. It was found
that there existed an optimal particle size that maximized the pyrolysis efficiency of DWTBs.
The smaller the SiC particles, the more likely they were to be distributed in the bottom
of the reactor, and the worse overall contact effect was, resulting in a weaker microwave
absorption ability. Although the small particles enhanced heat exchange with DWTBs, the
overall heat absorption capacity of the system still needed to be improved. The heating rate
of SiC is 15.6-77.2 times higher than that of plastic material under the same conditions [46].
Conversely, a larger particle size provided an enhanced heat absorption capacity. However,
the decreased specific surface area impaired heat transfer efficiency of SiC and DWTBs.

Bl solid | Wtar [ pyrolysis gas

20
10 -
0

0.09 0.85
Particle size of SiC (mm)

—
(=3
S

\\

Proportion of pyrolysis products (%)

Figure 7. Mass proportion of pyrolysis products at different SiC particle sizes (the SiC loading is 80 g,
and microwave power is 600 W).

Concurrently, a comparison of the product mass distribution with particle sizes of
0.06 mm and 0.09 mm and 2 mm and 3 mm revealed that a smaller particle size was
conducive to a reduction in tar production and an increase in pyrolysis gas production.
In practical industrial applications, it is essential to consider the size of DWTBs and the
desired target products in order to achieve the optimal pyrolysis effect, and the relevant
characteristics need to be studied further.

3.2.2. Gas Component at Different SiC Size

Figure 8 illustrates the changes in the composition of pyrolysis gas under different SiC
particle sizes. When the SiC particle size was small, the primary components of pyrolysis
gas were CoHy, Hy, etc. As the particle size increased, the content of O, decreased, while
the content of CO and CHjy increased. It was speculated that the oxidation reaction of
C,H, and H; resulted in the production of CO, and that the large-size SiC was conducive
to the formation of CHy gas. The increase in SiC size was conducive to the occurrence
of demethylation reaction and polycondensation reactions, which led to an increase in
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CHy content. Figure 9 presents the calorific value of pyrolysis gas under different SiC
particle sizes and shows heat conversion in relation mass. An intermediate particle size
was observed to result in the highest calorific value and heat of pyrolysis gas. SiC with
a small particle size exhibited slightly weak wave absorption performance, leading to a
low pyrolysis temperature and degree of pyrolysis. Conversely, excessive particle size,
although offering good heating performance, had an inadequate specific surface, area
leading to a weak heat exchange ability with DWTBs. In the context of actual industrial
pyrolysis equipment, it is recommended that SiC of moderate particle size be added in
conjunction with the DWTBs to achieve higher energy utilization and a more optimal
pyrolysis effect. Furthermore, this approach is conducive to the separation of residual
solids and SiC after pyrolysis.

[(T]co []co, (IH, [JcH,
(3] C,H, [ ;1 [T CH [ CHg

N} w N
=) ) =)
T

Pyrolysis gas components (%)
=

0.06 0.09 0.85 2 3
Particle size of SiC (mm)

Figure 8. Pyrolysis gas components with different SiC particle sizes (the SiC loading is 80 g, and
microwave power is 600 W).

40
1020
0.18
@ 0.16
2 30
Z 0.14
E ~~
2 0.2 =
2 2 =
E 0.10 2
ot
% 0.08
S L 0.06
© 0.04
0.02
0 0.00

0.06 0.09 0.85 2 3
Particle size of SiC (mm)

Figure 9. Calorific value and heat of pyrolysis gas with different SiC particle sizes (the SiC loading is
80 g, and microwave power is 600 W).

3.2.3. Temperature Rise Characteristic at Different SiC Size

Figure 10 illustrates the temperature rise curves of material with varying SiC particle
sizes. Both the temperature rise rate and the final temperature of the material exhibited
an upward trend with the increase in SiC particle size. The final temperatures of the
material with the four particle sizes were 539.5 °C, 601.6 °C, 686.4 °C, 731.6 °C and 797.0 °C,
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respectively. The initial temperature rise curves of the three groups, which had SiC particle
sizes of 0.85 mm, 2 mm, and 3 mm, were basically the same, with the only difference being
observed at the final temperature. Similarly, transient temperature drops were observed in
several groups of experiments, and the same pattern was observed by Cui et al. [46] during
the microwave heating of polypropylene and SiC mixtures. When the SiC particle size was
0.06 mm, the particles were mainly distributed at the bottom of the reactor. As such, the
overall heat absorption capacity was poor, the temperature rise was relatively slow, and the
temperature distribution inside and outside the blade was relatively uniform, and so the
heating and heat dissipation in the later stage of the reaction reached a balance. When the
particle size was 0.09 mm, the heating effect was improved, and the distribution of particles
and blades was relatively uniform, which was conducive to the secondary pyrolysis of
pyrolysis products. Additionally, the heat absorption led to a short decline in temperature,
and eventually tended towards being flat. When the particle size continued to increase, the
lower specific surface area of a 0.85 mm particle size was not conducive to the occurrence
of secondary cracking reactions, meaning there was no obvious temperature drop. The
influence of SiC particle size on temperature rise characteristics was the comprehensive
result of its wave absorption capacity, pyrolysis reactions, and heat transfer interactions
with DWTBs. Studies by Liu et al. [35] proposed that SiC with a medium particle size was
conducive to enhancing the conversion rate of polyethylene terephthalate (PET) in the
microwave pyrolysis of SiC and PET.
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Figure 10. Temperature rise curves of the material with different SiC particle sizes (the SiC loading is
80 g, and microwave power is 600 W).

3.3. Effect of Absorbent (SiC) Loading on Pyrolysis Products
3.3.1. Gas Yield and Oil Yield at Different SiC Loading

Figure 11 illustrates the mass distribution of pyrolysis products under different SiC
loadings (for Run 9~Run 13, the SiC particle size is 0.85 mm and microwave power is
600 W). We observed that the absence of SiC resulted in almost no pyrolysis gas and tar
production. With the increase in SiC loading, the degree of pyrolysis rose, leading to greater
production of pyrolysis gas. The increase in SiC loading enhanced the heat absorption
effect of DWTBs. The lowest tar yield (4.7%) was observed at 80 g of SiC loading, while the
highest pyrolysis gas yield (17.0%) was recorded. In the experiment, the addition of 80 g
SiC basically submerged DWTBs to obtain the best heating effects, with further addition
resulting in energy waste. Given that SiC can be recycled in actual use, the amount of SiC
added can be controlled in industrial equipment according to the desired target products.
In order to achieve a higher degree of pyrolysis and increased pyrolysis gas production, it
is crucial to make SiC contact with DWTBs as much as possible. Conversely, if more tar is
desired, the amount of SiC needs to be controlled.
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Figure 11. Mass proportion of pyrolysis products under different SiC loadings (the SiC particle size
is 0.85 mm, and microwave power is 600 W).

3.3.2. Gas Component at Different SiC Loading

Figure 12 illustrates the distribution of pyrolysis gas components under different
SiC loadings. In instances where SiC was not added, the DWTBs exhibited inadequate
wave absorption ability and were unable to reach the pyrolysis temperature, resulting in
minimal thermal cracking of resin components. Only alterations in the SiC loading had
a negligible impact on the composition of the pyrolysis gas. The primary pyrolysis gas
in the four groups of experiments was CoHy, CHy, and CO. The production of C,Hy was
greater when the SiC loading was 80 g. Figure 13 presents the calorific value and the heat
converted according to the mass of pyrolysis gas used in each working condition. There
was little difference in the calorific value of pyrolysis gas obtained by the four experimental
groups. The calorific value of the pyrolysis gas obtained when the SiC loading was 80 g was
the largest (36.95 MJ/m?). The heat of pyrolysis gas was also the highest (0.192 MJ), which
was due to the greater quantity of pyrolysis gas produced under this working condition.
This could be attributed to the enhanced wave absorption property and heat exchange
effect brought by a sufficient amount of SiC. At the same time, the endothermic reaction
was enhanced [47] (Resin — Char + Tar + Syngas, C + CO, — 2CO), in accordance with
the findings of Fu et al. [48].

3.3.3. Temperature Rise Characteristic at Different SiC Loading

Figure 14 illustrates the temperature rise curves of material with different SiC loadings.
In the absence of SiC, only the DWTBs exhibited a slower temperature rise rate, and the final
temperature was 418.8 °C, which was insulfficient for pyrolysis to occur. The solid obtained
after heating is shown as the brown part in Figure 14. The material weight remained
essentially unchanged, whereas the solid obtained under other conditions was black. With
the increase in SiC loading, both the heating rate and the final temperature in the initial
heating stage increased, indicating that more microwave energy was transferred to DWTBs
due to SiC addition, resulting in a better cracking effect. In this experiment, when the mass
ratio of SiC to DWTBs was 4:1, the heating rate was high, and the pyrolysis degree (mass of
pyrolysis gas and tar/mass of original sample) and the calorific value of pyrolysis gas were
at their highest levels. The final temperature reached 686.4 °C. The rurther addition of SiC
would result in energy waste, and might damage the strength of the glass fiber, thereby
reducing its value for subsequent reuse.
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Figure 12. Pyrolysis gas components under different SiC loadings (the SiC particle size is 0.85 mm,
and microwave power is 600 W).
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Figure 13. Calorific value and heat of pyrolysis gas under different SiC loadings (the SiC particle size
is 0.85 mm, and microwave power is 600 W).
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Figure 14. Temperature rise curves of the materials with different SiC loadings (the SiC particle size

is 0.85 mm, and microwave power is 600 W).
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3.4. Composition Analysis of Pyrolytic Tar

Two groups of typical working conditions were subjected to GC-MS tests, the results
of which are depicted in Figure 15. It can be observed that the composition of pyrolysis
tar under two conditions was similar, with only slight differences seen in content. The
composition of tar was similar to that obtained by Ren et al. [25] in the microwave pyrolysis
of carbon-fiber-reinforced composites, except for some large-molecular-weight components,
which might be related to the higher microwave pyrolysis temperature seen in this study. In
the experiment on Run 5 conditions, the tar yield was the lowest and the pyrolysis degree
was the highest. Consequently, there were fewer substances in the tar, and the average
molecular weight was relatively low. The tar was predominantly composed of toluene and
phenol. However, under Run 7 conditions, the pyrolysis degree was comparatively low, the
pyrolysis was insufficient, the composition of tar was more complex, and it contained more
high-molecular-weight substances, such as 2-(2-(4-hydroxyphenyl)propan-2-yl)phenol
(C15H1607) and dodecan-1-ol (C1,H60), indicating that the macromolecules in the resin
were not completely broken down.
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Figure 15. Composition of tar under different experimental conditions: (a) Run 5; (b) Run 7.

4. Conclusions

This paper presents a study of the microwave pyrolysis characteristics of decommis-
sioned wind turbine blades (DWTBs) with SiC as an absorbent. The glass-fiber-reinforced
composite, a typical position in DWTBs, had a glass fiber content of 76.5% and a low
calorific value of 7119.7 kJ /kg. The pyrolysis gas components were C;Hy, CHy, CO, etc.,
and phenol and toluene were the main components found in the tar. The results demon-
strated that increasing the microwave heating power was conducive to an increase in the
heating rate and final temperature, as well as a higher degree of pyrolysis of the material.
An increase in microwave heating power from 400 W to 600 W was accompanied by a
corresponding increase in the pyrolysis degree, which rose from 15.60% to 21.70%. Con-
currently, the heat of pyrolysis gas increased from 0.1115 MJ to 0.19202 MJ. An increase in
the particle size of SiC was conducive to improving the heat absorption of the material,
while an excessively large particle size caused a poor heat transfer effect. The results of the
experiment indicated that the pyrolysis effect was optimal when the particle size of SiC was
0.85 mm, the pyrolysis degree was 21.70%, and the calorific value of pyrolysis gas was the
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highest level, which was 36.95351 MJ/m?>. It was observed that almost no pyrolysis of the
DWTBs occurred in the case of unloaded SiC. However, with the increase in SiC loading, the
pyrolysis degree and heating effect were improved. The pyrolysis gas yield was the highest
(17.0%) and tar yield was the lowest (4.7%) when the mass ratio of SiC to DWTBs was 4.
Therefore, the optimal process for microwave pyrolysis of decommissioned wind power
blades was proposed: microwave heating power of 600 W, SiC particle size of 0.85 mm, and
mass ratio of wind turbine blades to SiC of 1:4. These conditions provided data support
and a technical reference for the microwave pyrolysis industrial wind turbine blades.

The superiority of pyrolysis lies in the fact that all the products obtained from it have
reuse value. After decarbonization, pyrolysis solid can be used for non-woven mats or
reinforcing materials such as clutch pedals and roof supports. Tar from pyrolysis has high
calorific value and can be used as a candidate fuel for boilers, melting furnaces, and diesel
engines. Pyrolysis gas can be used directly for heat production and power generation such
as burner ignition or combustion in engines. In conclusion, the microwave pyrolysis of
DWTBs can help the wind power industry to achieve sustainable and circular development.
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