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ABSTRACT: Although the annual branches of apple trees are substantial,
most of them are discarded or incinerated, resulting in a significant waste of
resources and environmental pollution concerns. Therefore, it has become
necessary and urgent to recycle these branches. Compared with crop straw,
apple tree pruning branches exhibit a relatively elevated lignin content,
which makes them an optimal feedstock for generating high-quality
pyrolysis gases. Energy yield can comprehensively measure the gas
production and heat value of the pyrolysis gas. Herein, the effect of
reaction conditions on the energy yield of the pyrolysis gas is systematically
investigated. The single-factor experimental results show that the optimal
conditions are 750 °C reaction temperature, 2 °C/min heating rate, and 120
min holding time. The central composite design test of the response surface
establishes that temperature has the most impact, followed by heating rate
and holding time. In addition, a regression model is constructed to predict
the energy yield of the pyrolysis gas. The analysis of interactions between ‘
factors indicates that factors within the lower temperature zones, higher \\‘AEQ{;{&;{@.}QA;
heating rate, and shorter holding time have a more significant influence on

the energy yield. These findings provide crucial guidance for the efficient production of pyrolysis gas from apple tree branches.

Article Recommendations

Regression model:

Optimal conditions:
750 °C, 2 °C /min, 120 min

Y= 57.12+ 3.08A - '
1.50B + 1.14C - 1294/

Single-factor experiment Multi-factor experiment

1. INTRODUCTION

Global energy consumption has accelerated rapidly due to the
expanding population and economic prosperity."”” The
advancement of renewable energy resources (biomass, solar
energy, wind energy) has been garnering worldwide attention.’
Biomass is regarded as a superior renewable resource because
of its easy accessibility and zero-carbon emissions. In general,
biomass can be converted to high-quality biofuels via various
physical, biological, and thermal processes." Among which,
pyrolysis emerges as a promising thermal approach owing to its
high energy conversion efficiency and economic production.’
It involves the thermodegradation of biomass into small
molecules in an oxygen-deprived environment, engendering
the concurrent production of bio-oil, biochar, and pyrolysis
gas.”” In particular, bio-oil is a complicated mixture that
contains different types of organic compounds.’ Biochar
mainly consists of aromatic hydrocarbons and is composed
of about 60% carbon.”'® Pyrolysis gas mainly comprises
carbon dioxide (CO,), carbon monoxide (CO), methane
(CH,), and hydrogen (H,)."" In general, pyrolysis gas typically
accounts for about 30% of biomass pyrolysis products with a
high heat value of 8—15 MJ/m?® and a low tar content of less
than 10 mg/ m>,'? which is an ideal alternative for centralized
gas su?ply, heating, or electric power generation in rural
areas."” Therefore, the use of biomass pyrolysis technology for
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the production of clean and renewable gas is of great
significance in adjusting rural energy structures and achieving
carbon neutrality."*

The characteristics of pyrolysis products are influenced by
various factors, such as temperature, heating rate, and holding
time.">~"” These factors play a crucial role in determining the
composition and properties of the pyrolysis products. Demiral
and Senséz'® conducted a comprehensive study and reported
that an elevated temperature significantly increased the yield of
pyrolysis gas when hazelnut and lemongrass were used as
feedstocks. Xie et al.'” observed a substantial rise in the yield of
pyrolysis gas during the course of cellulose pyrolysis as the
temperature ascended from 500 to 700 °C.”° Additionally,
Tang et al.”' revealed that temperature significantly influences
both the quantity and quality of pyrolysis gas produced from
waste biomass and plastics. Researchers have conducted in-
depth studies to establish the relationship between heating rate
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Table 1. Characteristics of Apple Tree Branches”

proximate analysis (wt%, ad)

ultimate analysis (wt%, ar)

heating value (M]/kg)

M A A% FC C
5.94 0.53 79.56 13.97 45.93

43.42

H N N HHV
6.16 0.55 0.31 18.94

“M: moisture; A: ash; V: volatile matter; FC: fixed carbon; ad: air-dried basis; ar: as-received basis.

and the distribution of biomass primary pyrolysis prod-
ucts.””~** Despite the remarkable influence of holding time
on pryrolysis, numerous studies have mainly focused on
understanding the impact of holding time on the properties
of the pyrolysis products.”**® The comprehensive evaluation of
pyrolysis efficiency relies heavily on the energy yield index,
which represents the energy conversion of pyrolysis products
in a precise and quantitative manner.””** In order to enhance
our understanding of the process, it is vital to probe the
complex interplay among the temperature, heating rate, and
holding time during pyrolysis. This comprehensive inves-
tigation could provide crucial insights into pyrolysis gas’s
energy yield and aid in the design of effective control strategies
for the process.

Apple trees are deciduous plants that are commonly grown
in both natural habitats and agricultural practices. Their
branches, which constitute a significant source of biomass, are
often discarded or incinerated, resulting in significant environ-
mental pollution. Unlike crop straws, apple tree branches
contain a higher concentration of lignin and cellulose, making
them exceptionally suitable for producing high-quality
pyrolysis gas.””™*' Despite its exceptional potential as a
biomass pyrolysis feedstock, there is limited research on this
specific application. Therefore, the use of apple tree branches
as a raw material for biomass pyrolysis could be a valuable
strategy for reducing waste and enhancing ecological
sustainability.

In this study, the effects of the temperature, heating rate, and
holding time on the energy yield of pyrolysis gas derived from
apple tree branches were investigated. The single factor
experimental approach was employed to determine suitable
pyrolysis conditions, and the response surface methodology
was subsequently used to analyze the interactions between
paired factors on the pyrolysis gas energy yield. In addition, the
relationship between significant factor influence areas and
energy yields was also elucidated. The results presented herein
provide a theoretical framework and technical supervision for
process control and quality administration of apple tree branch
pyrolysis. By using such branches as feedstock, the sustainable
use of agricultural waste resources can be greatly facilitated.

2. MATERIALS AND METHODS

2.1. Materials. Apple tree branches obtained from the
Qianxian farm, Shaanxi Province, China, were processed into
1.43—2.36 mm particles by crushing and screening for further
experimentation. The proximate analysis of these materials was
conducted following the American Society for Testing
Materials, including measurements of fixed carbon, volatile
matter, moisture content, and ash. Ultimate analysis was
carried out on an elemental analyzer (EA3000, EuroVector,
Italy), while the higher heating value was determined on a
bomb calorimeter (ZDHW-9000, HebiHongke Coal Evalua-
tion Equipment Factory, China). The full results of these
analyses are summarized in Table 1.

2.2. Experimental Equipment. The structure of the
equipment is schematically shown in Figure 1. The reaction
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Figure 1. Schematic diagram of biomass pyrolysis equipment: (1)
nitrogen cylinder, (2) nitrogen flowmeter, (3) nitrogen pipe, (4) heat
insulation plug, (S) thermocouple, (6) outlet pipeline, (7) outer
condenser, (8) gas collecting bag, (9) gas flowmeter, (10) gas-
washing bottle, (11) refluxing bottle, (12) condensate collecting
bottle, (13) vacuum pump, (14) refrigerating machine, (15)
controller, (16) ceramic furnace, (17) electric heating device, (18)
reaction device, (19) crucible, (20) sample platform.

device (18) employed is a sealed quartz tube having
dimensions of 20 cm in diameter and 40 cm in height. Its
heating system consists of an electric furnace comprising a
ceramic furnace (16) and an electric heating device (17). A
sample platform (20) is located at the bottom of the reaction
apparatus, where a crucible (19) is placed filled with biomass
samples. The biomass sample is fitted with a thermocouple (5)
to assess the effective temperature of the pyrolysis reaction. An
insulating plug (4) is also placed on the upper part of the
reactor. One end of the nitrogen pipe (3) is inserted into the
bottom of the reaction apparatus, while the other end is
connected to a nitrogen cylinder (1) through a flowmeter (2).
The outlet pipe (6) is connected to the upper cover of the
reactor, and an outer condenser (7) is welded outside the
outlet pipe. The condensed water with a temperature range of
10—15 °C, which is obtained by refrigerating machine (14),
circulates in the interlayer between the outlet pipe and the
condensation sleeve. The outlet pipe is then connected to a
vacuum pump (13). The end of the outlet pipe enters the
condensate collection bottle (12), followed by a reflux bottle
(11), a gas washing bottle (10), a gas flowmeter (9), and finally
a gas collection bag (8). A controller (15) is employed to
regulate the temperature, holding time, and heating rate of the
pyrolysis reaction. The maximum heating temperature and
heating rate of the reactor are 1200 and 10 °C/min,
respectively. The combination of these features enables precise
and efficient pyrolysis experiments, highlighting the suitability
of this laboratory-scale equipment for conducting similar
studies

2.3. Experimental Method. The raw material, before
being tested, underwent a 12-h drying process in a temper-
ature-regulated blast drying oven at 105 °C. For each
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experiment, 100 g of the raw material was placed in a crucible
on a sample platform. The reactor was vacuumed first, and
then nitrogen was injected at a flow rate of 1 L/min for 0.5 h to
ensure an oxygen-free environment. The pyrolysis reaction was
then carried out as per the predetermined procedure, and as
the temperature increased, the volatile substances were
released through the outlet pipe. The condensable components
were liquefied and collected in the condensate collection
bottle, while the noncondensable components were washed in
the gas washing bottle. Gas production was measured by using
the gas flow meter and stored in the gas collection bag.

For the single-factor experiment of temperature effect, the
raw materials were heated in a controlled mode from room
temperature to predetermined temperatures of 350, 450, 550,
650, 750, and 850 °C at a rate of 2 °C/min. The reaction
mixture was maintained for 120 min at each temperature, and
the temperature was then allowed to cool naturally to room
temperature. For the single-factor experiment of heating rate
effect, the raw materials were uniformly heated at a rate of 1, 2,
3,4, 5, and 6 °C/min, until a maximum temperature of 650 °C
was reached for a total duration of 120 min. After the target
temperature was reached, the materials were allowed to cool
naturally. For the single-factor experiment of holding time
effect, the raw materials were heated at a uniform rate of 3 °C/
min from room temperature to 650 °C. The temperature was
maintained for a specific holding time of 30, 60, 90, 120, 150,
and 180 min before it was naturally cooled to room
temperature.

In order to verify the results of the experiment and ensure
the reliability of the experimental data, we carried out the
experiments three times under the same conditions. In order to
analyze the experimental results, we used SPSS 19.0 software
to calculate the standard deviation (SD) of each experimental
result. We then compared the experimental results under the
same conditions using the ¢ test for unpaired values. We chose
to report data as mean + SD because it helps illustrate the
distribution of data and is a widely used method in the
statistical analysis of data.

2.4. Calculation Method of Energy Yield and Gas
Heat Value. The energy yield of pyrolysis gas from apple tree
branches was calculated according to eq 1:

heat value of gas X gas production
X 100%

(1)
A foil bag was used to collect pyrolysis gas, which was then
subjected to a comprehensive analysis using gas chromatog-
raphy—mass spectrometry (Agilent 7890 A). Key gases such as
CH,, CO, H,, and CO, were analyzed using the Supelco
Carboxen 1010 PLOT column. The heating value of the
pyrolysis gas was determined using the average dry gas
composition, and the following is shown in eq 2:

energy yield(%) =

raw material heat value X raw material weight

HV = (126.36YCO + 107.98YH, + 358.18YCH, + 629.09YC,H,,)
x 1073 ()

where the yi values represent the volumetric proportions of the
primary combustible constituents within the dry gases.

3. RESULTS AND DISCUSSION

3.1. Single-Factor Experiment. 3.1.1. Effect of Temper-
ature. The influence of the temperature on the energy yield,
gas production, and gas heat value is shown in Figure 2. The
energy yield was calculated based on the combined effects of

Figure 2. Effect of temperature on heat value of gas, energy yield, and
gas production.

gas production and gas heat value. It can be seen that the
energy yield increased from 15.06% to 57.84% as the
temperature ascended from 350 to 750 °C. However, a further
increase in temperature to 850 °C (58.96%) resulted in a
marginal increase in energy yield by only 1.12%. A thorough
analysis was carried out to investigate the influence of
temperature on both gas production and heat value. The
pyrolysis gas production increased from 25.24 to 92.67 L as the
temperature increased from 350 to 850 °C based on 100 g of
apple tree branches, reaching 91.66 L at 750 °C. This
phenomenon can be attributed to the decomposition of
hemicellulose from 220 to 315 °C, cellulose from 315 to 400
°C, and lignin above 400 °C, leading to the generation of
volatile substances during the pyrolysis process.”” As the
temperature continued to rise, the generated volatile
substances underwent a secondary reaction, leading to the
decomposition of larger molecules into smaller ones.” As the
temperature continued to rise, the volatile substances
produced underwent a secondary reaction, leading to the
decomposition of larger molecules into smaller ones. Notably,
the magnitude of the secondary reaction increased with the
increase in temperature, resulting in a significant increase in gas
generation.”* These findings highlight the critical role of the
temperature in the progression of pyrolysis processes,
providing valuable insights into the decomposition of plant
materials under various temperature conditions.

During the pyrolysis process, the heat value of the resulting
gas fluctuates over time as the temperature increases from 350
to 850 °C. Specifically, the heat value of the gas at 350 °C is
11.30 MJ/m? and reaches its peak value of 14.23 MJ/m? at 550
°C, before plummeting to 12.71 MJ/m? at 650 °C. The rate of
change in heat value slows down to 12.05 MJ/m? at 850 °C.
This pattern can be explained by the pyrolysis gas generation
process. At approximately 300 °C, depolymerization of
holocellulose results in the formation of high oligomers,
which are subsequently converted to levoglucosan and light
volatiles.”> At 550 °C, lignin’s methyl-containing branched
chains pyrolyze, resulting in a significant production of CH,.
Consequently, the methane content reaches its highest point of
19.63% at 550 °C, contributing to the increase in the heat
value. On the other hand, as cellulose is decomposed below
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350 °C, the cleavage of glycosidic bond produces a substantial
amount of CO and CO,,*® therefore, the contents of CO,
(46.48%) and CO (31.76%) reached the maximum value at
350 °C. As the temperature rises above 400 °C, the condensing
of aromatic hydrocarbons and the cracking of long-chain
hydrocarbons in lignin trigger the production of substantial
quantities of H,. As the temperature increases to 650 °C, a
significant number of benzene rings in coke particles undergo
dehydrogenation, leading to the formation of polycyclic
aromatic hydrocarbons, which in turn contribute to a surge
in H,. In terms of the combined effect of gas production and
heat value, the energy yield of pyrolysis gas gradually escalates
with an increase in temperature, achieving a peak at 750 °C.
Therefore, 750 °C is deemed the optimal temperature for the
energy yield of pyrolysis gas from apple tree branches.

3.1.2. Effect of Heating Rate. A systematic study is
conducted on the influence of heating rates on the energy
yield, gas production, and gas heat value in the pyrolysis of
apple tree branches. The results show that the energy yield is
negatively affected by an increase in the heating rate (Figure
3). From 1 to 2 °C/min, the energy yield decreased slightly

Figure 3. Effect of heating rate on heat value of gas, energy yield, and
gas production.

from 53.55% to 52.22%. However, a substantial decline
occurred from 3 °C/min to 48.77%. This trend continued
from 3 to 6 °C/min, eventually resulting in a total energy yield
of 45.83%. At the same time, an increase in the heating rate led
to a decrease in gas production. For a sample of 100 g of apple
tree branches, the gas production decreased from 76.67 to
65.33 L as the heating rate increased from 1 to 6 °C/min. This
phenomenon can be attributed to the rapid heating rate, which
impairs the efficient conversion of both internal and external
biomass energy,37 leading to slower volatiles release and thus
reduced gas production. Furthermore, a lower heating rate for
pyrolysis prolongs the reaction time, allowing organic macro-
molecules (cellulose, hemicellulose, lignin) to fully decom-
pose.”®* On the other hand, an increase in the heating rate
from 1 to 6 °C/min slightly elevates the heat value of the gas,
from 13.23 to 13.29 MJ/m>. This shows that the heating rate
does not significantly affect the heat value of the gas.

Overall, slower heating rates can increase the energy yield of
the pyrolysis gas. However, it is important to note that a lower
heating rate also results in a longer reaction time, which, in

turn, increases energy consumption throughout the entire
process. Furthermore, a change from a heating rate of 2 to 3
°C/min resulted in a significant decrease in energy yield by
3.45%. This indicates that the appropriate heating rate plays a
crucial role in promoting efficient pyrolysis. After a
comprehensive analysis of the factors mentioned above, a
suitable heating rate for obtaining an energy yield of 50% from
apple trees’ branches is 2 °C/min.

3.1.3. Effect of Holding Time. The graph in Figure 4 shows
the influence of the holding time on the energy yield, gas

Figure 4. Effect of holding time on the heat value of gas, energy yield,
and gas production.

production, and gas heat value. As the holding time extends,
the energy yield gradually increases. Specifically, when the
holding time is increased from 30 to 120 min, the energy yield
increases significantly from 40.54% to 48.99%. Conversely, the
increase in holding time from 120 to 150 min resulted in a
marginal increase in energy yield, from 48.99% to 49.40%. An
increase in holding time to 180 min leads to an energy yield of
51.01%. Consequently, the increase in holding time from 30 to
120 min significantly affects energy yield (by 8.45%), while the
increase from 120 to 150 min produces negligible effect (by
only 0.41%). Gas production also increases gradually with the
extension of holding time. With the holding time extension
from 30 to 180 min, the gas production increases from 59.33
to 76.00 L based on 100 g apple tree branches.

As the holding time is prolonged, cellulose undergoes a
series of transformations into various dehydrated carbohydrate
derivatives, including L—glucose.40 L-Glucose is one of the most
prevalent of these derivatives, with a yield of over 62%."'
Notably, L-glucose yields carboxylated derivatives throughout
the pyrolysis process, which prelude the decarboxylation
reaction to generate CO. CO, is mainly formed during
decarboxylation reactions during pyrolysis of L-glucose.
Therefore, a longer holding time facilitates the production of
both CO and CO,. As the holding time increases, the
thoroughness of the pyrolysis reaction increases, leading to the
production of more noncondensable pyrolysis gases.*” Despite
this, the heat value of the gas remained essentially unchanged
regardless of the extension of the holding time, remaining
around 12.94 to 12.71 MJ/m?>. A notable feature is that, while a
longer holding time does lead to a higher energy yield, it also

https://doi.org/10.1021/acsomega.4c00911
ACS Omega 2024, 9, 28028—-28036


https://pubs.acs.org/doi/10.1021/acsomega.4c00911?fig=fig3&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.4c00911?fig=fig3&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.4c00911?fig=fig3&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.4c00911?fig=fig3&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.4c00911?fig=fig4&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.4c00911?fig=fig4&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.4c00911?fig=fig4&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.4c00911?fig=fig4&ref=pdf
http://pubs.acs.org/journal/acsodf?ref=pdf
https://doi.org/10.1021/acsomega.4c00911?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

ACS Omega

http://pubs.acs.org/journal/acsodf

requires additional energy input throughout the entire process.
Therefore, considering the steady increase in energy yield after
120 min of holding time, it is reasonable to conclude that an
optimal holding time for the energy yield of pyrolysis gas from
branches would be 120 min.

3.2. Multifactor Experiment. 3.2.1. Model Construction.
In order to thoroughly analyze the energy yield of pyrolysis gas
produced from apple tree branches, a robust analytical method
called central composite design response surface analysis is
used. This is a well-established experimental design method-
ology that is often used in optimization studies.””** The
experimental design includes three independent factors,
namely, temperature (A), heating rate (B), and holding time
(C), and a single response variable, energy yield (Y). The
temperature is chosen to span between 650 and 850 °C, the
heating rate varies from 1 to S °C/min, and the holding time
varies from 60 to 180 min. In addition, the effects of the
interactions between these factors on the energy yield are also
examined. The experimental factors and codes used are shown
in Table 2, while the experimental scheme and the
corresponding results of the central composite design are
provided in Table 3.

Table 2. Experimental Factors and Codes Used in the
Central Composite Design

factors

1

code A: temp/°C  B: heating rate/°C-min~"  C: holding time/min

1.682 850.00 5.00 180.00
1 809.46 4.19 155.68
0 750.00 3.00 120.00
-1 690.54 1.81 84.32
—1.682 650.00 1.00 60.00

Table 3. Experimental Scheme and Outcomes of the Central
Composite Design

entry A: temp B: heating rate  C: holding time  Y: energy yield (%)

1 -1 -1 -1 52.5§
2 1 -1 -1 58.51
3 -1 1 -1 49.13
4 1 1 -1 57.19
N -1 -1 1 54.56
6 1 -1 1 59.92
7 -1 1 1 53.48
8 1 1 1 58.46
9 —1.682 0 0 48.39
10 1.682 0 0 58.92
11 0 —1.682 0 61.36
12 0 1.682 0 53.54
13 0 0 —1.682 54.62
14 0 0 1.682 58.47
15 0 0 0 57.55
16 0 0 0 56.15
17 0 0 0 57.59
18 0 0 0 56.45
19 0 0 0 57.53
20 0 0 0 57.36

Based on the test results presented in Table 3, a multiple
linear regression analysis is performed using Design Expert
software, which yielded a mathematical regression model for
the energy yield. The model is expressed by eq 3:

Y= 5712 + 3.084 — 1.50B + 1.14C + 0.22AB — 0.46AC + 0.28BC
— 12942 + 0.051B% — 0.27C* (3)

3.2.2. Model Checking. Design Expert software provides a
valuable tool for assessing the significance of the regression
coefficient, regression equation, and lack of fit. It is possible to
identify the most influential terms and factors contributing to
the overall model by assessing their statistical significance.
Implementing this approach can lead to a simpler and more
efficient model that provides confident predictions of the
response variable in the experiment.

Table 4 presents the results of the variance analysis. The
single terms A, B, and C and the quadratic term A’ show

Table 4. Variance Analysis of the Energy Yield

sum of degree of mean

source squares freedom square F value P value
A 129.59 1 129.59 132.18 <0.0001
B 30.57 1 30.57 31.18 0.0002
C 17.63 1 17.63 17.98 0.0017
AB 0.37 1 0.37 0.38 0.5528
AC 1.69 1 1.69 1.73 0.2182
BC 0.61 1 0.61 0.62 0.4503
A? 23.99 1 23.99 24.47 0.0006
B? 0.038 1 0.038 0.039 0.8476
c? 1.04 1 1.04 1.06 0.3275
model 205.27 9 22.81 23.26 <0.0001
residual 9.80 10 0.98
lack of fit 7.78 S 1.56 3.85 0.0825
pure 2.02 S 0.40

error
cor total 215.08 19

exceptional significance (P < 0.01). However, interactive items
AB, AC, and BC, together with quadratic items B* and C? show
no significant effect (P > 0.05). Factors affecting energy yield
are analyzed, and their impacts are arranged in descending
order: temperature > heating rate > holding time. The
regression model has an F value of 23.26 and a P value of
<0.001, showing a good fit effect. The F value of the lack of fit
is 3.85, and the P value of 0.0825 > 0.0S indicates that the lack
of fit is not significant, and the test error is minimal. Therefore,
this model could be used as a predictive model for the
response value. The minimal test error indicates that the model
is reliable for predicting the response value.** After discarding
the insignificant elements based on the significance test results
of the coefficients in Table 4, the simplified model eq 4 is
derived.

Y = 57.12 + 3.084 — 1.50B + 1.14C — 1.294° (4)

3.2.3. Effects of Interactions between Factors. 3.2.3.1. Ef-
fect of the Interaction between Heating Rate and Temper-
ature on Energy Yield. In Figure S, a response surface plot and
contour map are provided, demonstrating the interaction
between the heating rate and temperature on the energy yield.
For the factor levels selected in this experiment, the energy
yield reaches a minimum when the temperature dips to 650 °C
and the heating rate ascends to S °C/min. A clear trend
emerges as the heating rate escalates from 1 to 5 °C/min; the
energy yield diminishes by 6.26%, 5.72%, 5.02%, 4.42%, and
3.81% at temperatures of 650, 700, 750, 800, and 850 °C,
respectively. This indicates that the heating rate has a more
substantial influence on energy yield in the lower temperature
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Figure 5. Effect of heating rate and temperature interaction on the energy yield. (A) Response surface plot showing the effect of heating rate and
temperature on the energy yield. (B) Contour map showing the effect of heating rate and temperature on the energy yield.
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Figure 6. Effect of the holding time and temperature interaction on energy yield. (A) Response surface plot depicting the effect of the holding time
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Figure 7. Effect of the holding time and heating rate interaction on energy yield. (A) Response surface plot depicting the effect of the holding time
and heating rate on energy yield. (B) Contour map depicting the effect of the holding time and heating rate on energy yield.

range. Conversely, when the temperature ranges from 650 to
850 °C, the energy yield soars by 9.13%, 9.72%, 10.34%,
10.94%, and 11.57% at heating rates of 1, 2, 3, 4, and 5 °C/
min, respectively. These findings indicate that temperature
plays a significant role in energy yield in the high-heating
region. This is likely because rapid heating rates impede
volatile diffusion, resulting in nondiffusing substrates partic-
ipating in deeper pyrolysis reactions, leading to higher energy
yield with increasing temperature. In addition, the steepness of
the response surface plot and the ellipticity of the contour map
are examined to understand the influence of heating rate and
temperature on energy yield.** The analysis showed that
temperature has a greater impact on the energy yield than
heating rate. These results contribute to a deeper under-
standing of the relationship among temperature, heating rate,
and energy output in pyrolysis reactions.
3.2.3.2. Effect of the Interaction between Holding Time
and Temperature on Energy Yield. As depicted in Figure 6,
the response surface plot and contour map vividly illustrate the

28033

intricate interplay between holding time and temperature on
the energy yield. Within the specified factor level range, a
decrease in temperature to 650 °C and a reduction in holding
time to 60 min result in a trend toward minimizing energy
yield. Conversely, when holding time is extended from 60 to
180 min, there is a gradual and consistent increase in energy
yield. Interestingly, the increase in energy yield is noticeably
higher in the low-temperature range compared to the high-
temperature range, with an increase rate of 6.38% (650 °C)
and 1.21% (850 °C), respectively. A similar trend can be
observed when the temperature is increased from 650 to 850
°C, with a greater increase rate observed in the lower holding
time range. Notably, at 60 min of holding time, the energy
yield increases by 12.93%, and at 180 min of holding time, it
increases by 7.76%. It is worth noting that extended holding
time and elevated temperature are beneficial for both primary
and secondary decomposition of biochar residues, leading to a
higher degree of pyrolysis and an enhanced energy yield.
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3.2.3.3. Effect of the Interaction between Holding Time
and Heating Rate on Energy Yield. In Figure 7, we observe
the response surface plot and contour map of the effects of the
holding time and heating rate on the energy yield. We discover
that energy yield tends to be maximized at 60.15% when the
heating rate slows down to 1 °C/min and the holding time is
extended to 180 min. In contrast, it tends to be minimized at
51.31% when the heating rate increases to 5 °C/min, and the
holding time is shortened to 60 min. Moreover, by extending
the holding time from 60 to 180 min, the energy yield
increases significantly in the higher heating rate range.
However, when increasing the heating rate from 1 to 5 °C/
min, a significant decrease in energy yield in the lower holding
time zone is observed. Specifically, at a holding time of 60 min,
the energy yield decreases by 6.57%, while at a holding time of
180 min, the energy yield reduction is only 3.47%. Moreover,
the interaction between holding time and heating rate did not
have a significant impact on energy yield, which is consistent
with variance analysis. These findings provide crucial insights
for optimizing the pyrolysis process and enhancing energy

yield.

4. CONCLUSIONS

In this study, the influence of the temperature, heating rate,
and holding time on the energy yield of pyrolysis gas derived
from apple tree pruning branches is studied. It is discovered
that the optimal reaction conditions are set at 750 °C, 2 °C/
min heating rate, and 120 min holding time. In addition, a
regression model is developed to predict the energy yield of
pyrolysis gas from apple tree branches. The model is illustrated
as Y = 57.12 + 3.08A — 1.50B + 1.14C — 1.29A% It is revealed
that the temperature, heating rate, and holding time all
significantly affect the energy yield of pyrolysis gas. The
hierarchical order of influence is temperature > heating rate >
holding time. This study provides a theoretical basis for the
production of highly energetic pyrolysis gas from apple tree
pruning branches and provides novel perspectives and
references for the energy conversion process of other biomass
wastes.
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