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Temperature-Dependent Pyrolysis of Wood
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Abstract — In the context of the global challenge of
reducing greenhouse gas and pollutant emissions from
thermal and power generation systems, the utilization
of secondary fuels, particularly biomass waste, is
gaining increasing importance. A promising approach
is the thermochemical conversion of wood waste via
pyrolysis, which enables the production of energy
carriers (syngas and charcoal) with minimal
environmental impact. This paper presents a series of
various experiments conducted with wood chips at
temperatures ranging from 360 to 520 °C. The optimal
pyrolysis temperature is found to be 480 °C, resulting
in the highest syngas heating value of 12.69 MJ/m3,
mechanical gas efficiency of 84.9%, and cold gas
efficiency of 25.8 %. The findings also reveal that as
temperature increases, charcoal yield decreases from
36% to 27.5%, gas yield rises from 11.1% to 19.5 %;
meanwhile the vyield of liquid products remains
relatively stable (~30%0). Notably, that at temperatures
above 250 °C, the pyrolysis process involves the self-
gasification of charcoal by pyrolytic gas. Additionally,
the physicochemical and morphological characteristics
of the resulting charcoal, including elemental
composition, ash content, porosity, and surface
structure, are investigated. The results contribute to the
systematic understanding of how temperature affects
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the distribution of pyrolysis products and their
properties under fixed-bed conditions and can be
applied in the development of energy-efficient and
environmentally safe technologies for wood waste
utilization.

Index Terms— Biomass, charcoal, fixed-bed reactor,
pyrolysis, self-gasification, tar.

I. INTRODUCTION

A key priority in today’s research landscape is
addressing the reduction in emissions of harmful
substances (NOx, SOy, etc.) and greenhouse gases (COg,
H.0, etc.) from thermal and power generation systems. A
highly effective strategy for mitigating these emissions is
the integration of biomass resources into the energy
balance [1, 2]. According to [3], global biomass
consumption for energy production amounts to
approximately 1 billion tonnes of oil equivalent, with
projections indicating a several-fold increase by 2040. This
growth will primarily be driven by the utilization of
forestry residues, which are generated annually in vast
quantities. As reported in the World Food and Agriculture
Statistical Yearbook 2023 [4], 4 billion cubic meters of
wood were harvested globally in 2021. Nearly half of this
volume, 1.95 billion m* (equivalent to 410 million tonnes
of oil equivalent), was used as biofuel. This biofuel
includes residues generated during both the harvesting
operations in forests and the wood-processing stages.

Pyrolysis is one of the key thermochemical conversion
processes for biomass, and its outcomes strongly depend
on process conditions. By adjusting pyrolysis parameters,
the process can be steered toward maximizing the yield of
liquid products, charcoal, or syngas with tailored
characteristics [5, 6]. Among these products, syngas and
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TABLE 1. Physicochemical Characteristics of Wood Waste

Proximate analysis (wt%, dry basis)

Values

Volatile matter (VM)
Fixed carbon (FC)
Ash content (AC)

86.80
13.03
0.17

Ultimate analysis (wt%, dry basis, ash free)

Values

Carbon (C)
Hydrogen (H)
Oxygen (O*)
Higher heating value (Q, MJ/kg)

Empirical formula of waste wood

46.60
6.32
47.08
18.84

CHy6300.76

*By difference

charcoal are of particular interest due to their broad
applications in energy generation, metallurgy, agriculture,
and environmental technologies [7].

Temperature is the critical process parameter governing
the yield, composition, and energy properties of pyrolysis
products. At lower temperatures (300-700 °C), charcoal
formation predominates, yielding a carbon-rich solid with
limited degradation of the lignocellulosic structure. As
temperature increases (>1100 °C), thermal decomposition
of cellulose and hemicellulose intensifies, leading to a
higher gas-phase yield, while diminishing the solid residue
[8, 9]. Concurrently, the composition of syngas undergoes
significant changes: concentrations of H,, CO, and CH4
increase, enhancing its heating value and suitability for use
in internal combustion engines or fuel cells [10].

Fixed-bed reactors represent one of the most widely
used laboratory- and pilot-scale systems for fundamental
pyrolysis  studies.  Their simple design, high
reproducibility, and precise temperature control make them
an ideal platform for systematically investigating the
influence of temperature on product distribution [11].

Despite extensive literature on biomass pyrolysis, gaps
remain in the quantitative and qualitative understanding of
how product characteristics depend on temperature under
fixed-bed conditions, particularly regarding localized heat
and mass transfer phenomena specific to this reactor type.
Moreover, data correlating pyrolysis temperature with
charcoal properties, such as specific surface area, porosity,
fixed carbon, and ash content, require further systematic
analysis across different biomass types, especially wood
waste [12].

This paper aims to determine the optimal pyrolysis
parameters for wood chips that maximize process
efficiency while minimizing the formation of tar
compounds. A series of various experiments were

conducted at different pyrolysis temperatures.

Il. PROCESS MATERIALS AND EXPERIMENTAL METHOD

A. Feedstock

The study utilized pine wood chips (Pinus silvestris)
sized to approximately (30-40) x 10 x 10 mm?3, which
were obtained using an electric garden shredder (Viking
GE 135). Table 1 presents the details on appearance, as
well as proximate and ultimate analysis data.
Characteristics of the source wood were determined using
standard analytical methods (see section D) and correspond
to data obtained by other researchers, for example [13, 14].

B. Laboratory Bench Setup

The laboratory pyrolysis setup for woody biomass
(Fig. 1) comprises a reaction chamber, a pyrolysis gas
cleaning system, and a tar removal system. The reaction
chamber is a fixed-bed thermochemical conversion reactor
equipped with a grate (1'), an electrical heating system (1"),
thermal insulation (1"), and thermocouples. The reactor
has an internal diameter of 15 cm and a height of 31 cm,
with a 5 cm distance between the bottom of the reactor and
the grate. The electrical heating system consists of
nichrome wire wound around ceramic insulators.
Controlled heating is achieved using a voltage regulator
and a temperature controller, maintaining precisely the
desired pyrolysis temperature. Thermal insulation is
provided by fire-resistant  glass-ceramic  fiber
(Cerablanket).

The absence of thermal insulation on the gas outlet pipe
facilitates partial condensation of liquid pyrolysis products,
which are then returned to the reactor for further cracking.

The reactor is fitted with four Type K thermocouples:
the first and second (T1, T2) are positioned within the
biomass bed, the third (T3) is located above the bed, and
the fourth (T4) measures the temperature of the evolved
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Fig.1 The laboratory bench for pyrolysis of waste wood chips.

gases. Additionally, a differential manometer is installed to
monitor pressure drop across the bed. Two relief valves are
provided to release excess pressure if necessary.

The gas cleaning system consists of three filters: the first
is made of stainless steel, while the second and third are
fabricated from transparent polycarbonate. The first two
filters are equipped with standard polypropylene foam
water filters (PP5-10SL), designed to capture tar and water
vapor. The third filter is half-filled with granular calcium
chloride (CaCl,) for complete gas drying.

The fine tar removal system follows the method
proposed by J.P.A. Neeft and colleagues, as described in
[15, 16]. In this approach, syngas passes through a series
of impinger bottles filled with isopropanol. Some
impingers are immersed in a warm water bath (+40 °C),
while others are placed in a cold bath (20 °C). This
technique enables complete tar removal from syngas and is
widely adopted by researchers, for example, in [17].

The laboratory setup is also equipped with a gas meter,
and the composition of syngas components is analyzed in
real time using an INFICON Micro GC Fusion gas

chromatograph.

C. Operational Procedures

Approximately (465 + 1) g of wood waste was loaded
into the pyrolysis reactor and gradually heated to the target
temperature (360, 400, 440, 480, or 520 °C), which was
then maintained constant throughout each experiment. The
heating rate was consistent across all tests at approximately

Fig.2 Charcoal agglomerate with tar.
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10 °C/min. Upon initiation of pyrolysis, pressure inside the
reactor increased, forcing the generated syngas out of the
reactor and driving it through the gas duct and subsequent
filtration and cleaning systems.

The syngas produced during pyrolysis passes through
the layer of charcoal formed in the reactor and then enters
an uninsulated gas outlet pipe, which is heated by the hot
gas itself. As the gas travels toward the cleaning system, it
undergoes reforming. This reforming process reduces tar
yield while simultaneously increasing gas yield. As
demonstrated in [18], reforming of pyrolytic gas also
enhances the hydrogen content in the syngas.

During passage through the gas cleaning system, tar and
water vapor are captured, and the gas is fully dried. The
cleaned syngas then flows through a gas meter and enters
the fine tar removal system before being directed to the gas
chromatograph. The INFICON Micro GC Fusion gas
chromatograph, operating in online mode, automatically
sampled the gas every 3 minutes. It is equipped with
Microelectromechanical Systems (MEMS)-based
microThermal Conductivity Detectors (TCDs), calibrated
to measure the relative concentrations of CO, Hj, CO,
CH4, N2, and hydrocarbons. The total absolute
measurement error for all gas components does not exceed
1%.

The experiment was terminated when the gas meter
readings stabilized (indicating no further gas evolution)
and the excess pressure dropped below the threshold
required to transport syngas from the reactor to the
chromatograph. Since no external inert gas was supplied to
the reactor, the gas meter recorded only the volume of gas
generated during wood waste pyrolysis. At the end of each
run, heating was switched off, and the reactor was allowed
to cool to ambient temperature. The wood charcoal was
then extracted.

Char located in the upper part of the reactor formed
agglomerates with condensed tar flowing down into the
reactor (Fig. 2). Tar was subsequently separated from the
char particles using a utility knife and weighed. The mass
of the resulting charcoal was also determined. Thereafter,
the physicochemical properties and surface morphology of
the charcoal were analyzed using scanning electron
microscopy (SEM).

The volume of liquid products collected in the gas
cleaning system was measured. Tar content was
determined by drying a representative liquid sample in a
drying oven at 70 °C for 40-50 minutes and weighing the
residual solid. This procedure is described in detail in [19].

Subsequently, the elemental composition of the tar was
analyzed.

The quantities of tar and water were quantified by
measuring the mass difference of the filters before and after
drying in an oven at 105 °C. The initial mass of the filters
containing both tar and water was recorded immediately
after the experiment ended.

D. Analytical Methods

The solid and tar products obtained from the waste wood
pyrolysis experiments were characterized using the
following analytical methods.

Proximate analysis was performed in accordance with

the following ASTM standards:

e ASTM E871 (Standard Test Method for Moisture
Analysis of Particulate Wood Fuels),

e ASTM D1102-84(2013) (Standard Test Method for
Ash Content (AC) in Wood),

e ASTM ES872 (Standard Test Method for Volatile
Matter (VM) in the Analysis of Particulate Wood
Fuels).

Fixed carbon (FC, wt%) was calculated by difference

using equation
FC =100—-VM — AC. 1)
Ultimate analysis for carbon (C, %) and hydrogen (H,
%) was carried out using a CHNS elemental analyzer
(Flash EA 1112, Thermo Finnigan, Italy). The total oxygen
(O, %) content was determined by difference according to
equation
0=100—AC—-C—H. 2
The higher heating value (Q, MJ/kg) was calculated
from the ultimate analysis data using following equation,
originally proposed and validated by Channiwala [20]:

Q = 0.3491C + 1.1783H — 0.10340 — 0.0151N —
0.0211AC, ©)

where C, H, S, O, N, and AC represent the mass percentages
of carbon, hydrogen, sulfur, oxygen, nitrogen, and ash in
the fuel, respectively.

The surface morphology of the pyrolyzed wood samples
was examined using scanning electron microscopy (SEM).
Chemical microanalysis was performed via energy-
dispersive X-ray spectroscopy (EDS) using a Hitachi
TM3000 tabletop SEM equipped with an SDD XFlash
430H X-ray detector. Imaging was conducted under low-
vacuum conditions (5 kV), which are standard for non-
conductive and low-contrast samples. No conductive
coating was applied to the samples prior to analysis.
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Fig.3. Profiles of temperature in the bed (T1, T2), above the bed (T3), within fuel and gas (Tgas), as well as pressure curve,
depending on the process time (a); Changes in the composition of gas (expressed through the volume fractions Y) and its lower

heating value across various pyrolysis temperatures (b).

Pyrolysis of wood chips can be represented by reaction

Wood chips — Char + Liquid products (tar +
4)
Based on (4), the yields of pyrolysis products were
calculated.

The yields of pyrolysis products Y; (%) were determined
using a mass balance approach according to equation

©
where m;j and mwooq are the masses (kg) of the individual
product j (char, liquid, or producer gas) and the initial
feedstock, respectively.

Carbon conversion (CC) was calculated according to

following equation:

water) + Producer gas.

12 12 12
mchar(J’cozaWcogﬂ/cmg)

cC=1-

MwoodY char . 100’ (6)
where i is the content of components in the producer gas
(CO3, CO, CHj4, Hy). The mechanical gas efficiency (MGE)
was calculated according to equation

MGE = 2925 100, @
wood

where Qgas and Quood are lower heating value of producer
gas and wood chips.
The cold gas efficiency (CGE) was calculated according
to equation
CGE = Mepar(VH,QH, +Yc0Qco+YCH,LACH,,) -100, (8)
MwoodQwood
where Qi is the heating value of component in the producer
gas (CO, CH4, Hy). The experimental studies were carried
out using the resources of the High-Temperature Circuit
Multi-Access Research Center at the Melentiev Energy

Systems Institute of the Siberian Branch of the Russian
Academy of Sciences.

I1l. RESULTS AND DISCUSSION

A. Changes in Producer Gas Composition at Different
Temperature

Figure 3a (for pyrolysis temperatures of 360, 400, 440,
480, and 520 °C) presents the time-dependent evolution of
temperatures within the biomass bed (T1, T2), above the
bed (T3), and in the produced gas (Tgas), as well as the
pressure profile during the pyrolysis process. Figure 3b
(for the same temperatures) illustrates the variation in
composition of syngas (expressed through the volume
fractions Y) and its calorific value as a function of
pyrolysis temperature.

Analysis of Fig.3a shows that the initial pressure
increase (0—20 min) is caused by thermal expansion of the
residual air inside the reactor and by drying of the wood
chips, accompanied by evaporation of physically adsorbed
moisture. Pyrolysis starts approximately 20 minutes after
heating begins, when the temperature within the wood
layer reaches 190-210°C. This is evidenced by a
noticeable rise in gas temperature (Tgas), indicating the
onset of the active devolatilization phase driven by
chemical reactions associated with thermal decomposition.

It is well established that the main macromolecular
components of wood undergo thermal decomposition
under inert conditions in the following temperature ranges:
225-325°C for hemicellulose, 305-375 °C for cellulose,
and 150-500 °C for lignin [21].
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Fig.4. The stages in pyrolysis of wood chips.
TABLE 2. Proximate and Ultimate Analysis of Char Coal
Temperature of
pyrolysis, °C VM, % AC, % FC, % Q, MJ/kg C, % H, % 0, % H/C o/C
360 36.44 1.07 62.49 31.08 76.53 5.32 18.16 0.83 0.18
400 28.55 1.82 69.63 32.26 80.59 4.82 14.60 0.72 0.14
440 26.71 1.08 72.21 32.80 83.05 4.36 12.60 0.63 0.11
480 16.52 0.95 82.53 34.49 87.34 4.16 8.51 0.57 0.07
520 14.35 1.27 84.38 33.68 92.09 1.85 6.06 0.24 0.05
Analysis of Fig. 3b reveals that the CO, concentration in stage, primarily involving hemicellulose

the syngas decreases as pyrolysis temperature rises, while
the concentrations of combustible components (CO, CHa,
H>) and the gas calorific value increase. This trend can be
attributed to the self-gasification of char by CO; at elevated
temperatures, the process described in [22]. Moreover, it is
widely accepted that under inert pyrolysis conditions, the
oxygen required for CO, formation originates primarily
from cellulose [23].

It should also be noted that the syngas achieves its
maximum calorific value toward the end of the process,
which is associated with elevated methane content.
Methane is mainly generated from the demethoxylation (—
OCHpg) of lignin units in the temperature range of 350 to
450 °C [24].

Carbon monoxide (CO) is produced during thermal
decomposition of both cellulose and lignin [23, 25]. As a
result, the concentration of CO is relatively stable during
the process.

Thus, the pyrolysis process can be described by the
scheme presented in Fig. 4:

e Stage 0 (up to 150 °C): Drying of the feedstock.

e Stage 1 (150-250 °C): Initial, low-intensity pyrolysis

decomposition and formation of light hydrocarbons.
e Stage 2 (250-450°C): Main pyrolysis stage,
characterized by high reaction rates and the
generation of the majority of gaseous products.
During this stage, residual hemicellulose and
cellulose decompose, and lignin degradation begins.

e Stage 3 (>450°C): Pyrolysis of the remaining,

unreacted lignin.

Notably, char self-gasification by CO2 may occur during
both Stage 2 and Stage 3, contributing to the observed
increase in H, and CO concentrations and the overall
enhancement of syngas quality at higher temperatures.

TABLE 3. Ultimate Analysis of Tar
Temperature of

pyrolysis, °C C % H, % O, %
360 53.5 6.7 46.5
400 49.2 6.2 50.8
440 57.1 73 429
480 51.0 6.7 49.0
520 52.3 56 477
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Fig.5. SEM images of charcoal samples at different temperatures of pyrolysis.
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B. Proximate and Ultimate Analysis of Charcoal and Tar

After each experiment, samples of the produced
charcoal were collected and analyzed. The results of the
analysis are presented in Table 2.

Proximate analysis includes standard parameters for
charcoal: volatile matter (VM), ash content (AC), and fixed
carbon (FC). According to Table 2, increasing the
pyrolysis temperature resulted in a decrease in volatile
matter and a corresponding rise in fixed carbon content.
The slight variation in ash content across samples is
attributed to the experimental uncertainty inherent in the
determination method.

Elevated pyrolysis temperatures led to a reduction in
hydrogen (H) and oxygen (O) content, while carbon (C)
concentration increased. This trend is explained by two
concurrent  processes: (i) enhanced carbonization
(aromatization and condensation of carbon structures) and
(ii) more extensive cleavage of oxygen- and hydrogen-
containing functional groups originally present in the wood
biopolymers. This progressive deoxygenation and
dehydrogenation also account for the observed increase in
the higher heating value of the charcoal with rising
pyrolysis temperature peaking at 34.49 MJ/kg at 480 °C.

The atomic ratios H/C and O/C decrease monotonically
with increasing pyrolysis temperature, reflecting the
progressive breakdown of polar and aliphatic bonds in the
biomass structure. As reported in [26, 27], this decline is
also indicative of increasing aromaticity and structural
ordering in the charcoal produced at higher temperatures.

100

[¥=]
[

2193 a5 g7

Yield, %
{9,
3

Table 3 shows the ultimate analysis of the tar obtained
at different temperatures. There is not a clear dependence
of the elemental composition on the pyrolysis temperature.
The tar is characterized by a high content of oxygen and
hydrogen, which can be explained by the fact that the tar
contains a large number of chemical compounds, such as
aromatic compounds with one to five rings, polycyclic
aromatic hydrocarbons, and some oxygen-containing
hydrocarbons [28].

C. Scanning Electron Microscopy Observation

Figure 5 presents scanning electron microscopy (SEM)
images of the surface morphology of wood charcoal
samples produced at different pyrolysis temperatures. The
images were acquired at magnifications of 500x and
1000x. Higher magnifications resulted in significant
charge accumulation on the non-conductive sample
surfaces, hindering the acquisition of high-quality images.

For the sample pyrolyzed at 360 °C, a relatively dense
fibrous structure largely preserved from the original wood
is still evident. This structure is primarily composed of
lignin and residual carbohydrates. As the pyrolysis
temperature increases, the structure becomes progressively
less dense due to partial thermal degradation of lignin.
Notably, according to literature data [29-31], complete
decomposition of cellulose and hemicellulose in pine wood
during pyrolysis occurs at temperatures close to 400 °C.

Microscopic pores formed by the evolution of pyrolysis
gases are clearly visible in the samples obtained at 360,

2242 23.09

70
60
40
30
20
10
8.39
0

360

Temperature, °C

Taryield mH2Ovyield mCharcoalyield mGas yield

Losses

Fig.6. The yields of charcoal, gas, and liquid produced from wood chips at different temperatures.
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TABLE 4. Summary of Pyrolysis of Wood Chips at Different Temperatures

Input Wood chips, kg 0.46
Q of wood chips, MJ/kg 18.8

Temperature, °C 360 400 440 480 520

Output [H2], % 1.1 2.6 3.6 9.6 6.7

[CO], % 0.0 355 15.2 30.7 37.0

[CH4], % 8.1 6.9 19.2 217 14.8

[CO2], % 91.0 54.3 59.8 37.2 41.1

Q, MJm® 3.0 7.2 9.2 12.7 10.7

Gas yield, % 111 15.3 15.7 17.6 19.5

Charcoal yield, % 36.0 34.6 34.0 30.0 27.5

Water yield, % 19.6 15.8 27.0 27.3 26.2

Tar yield, % 11.3 8.4 37 2.6 36

Carbon conversion (CC), % 69.4 64.4 63.1 60.0 61.4

Cold gas efficiency, (CGE) % 9.2 19.5 20.7 25.8 20.0

25.9 55.6 61.5 84.9 717

Mechanical gas efficiency (MGE), %

400, and 440 °C. The average pore diameter increases with
the temperature reaching 4.65-5.32 pym at 360 °C, 5.01—
6.45 pm at 400 °C, and 5.62—-8.36 pm at 440 °C. In the first
two samples (360 °C and 400 °C), these pores are arranged
in regular rows aligned with the original fiber orientation.
However, this ordered arrangement is no longer discernible
at 440 °C due to the progressive breakdown of the fibrous
architecture.

At 480 °C, longitudinal fiber fractures appear, with
widths ranging from 2.47 to 5.41 um and varying lengths,
resulting in a more developed and irregular surface
morphology. Upon further temperature increase to 520 °C,
devolatilization is essentially complete, leading to a
noticeable reduction in both the number of pores and
structural fractures compared to the 480 °C sample.

D. Pyrolysis Efficiency

Figure 6 shows the yields of pyrolysis products as a
function of pyrolysis temperature, along with the
corresponding mass balance closure error (losses).

With the increasing pyrolysis temperature, the charcoal
yield decreases from 36% to 27.5%, while the syngas yield
rises from 11.1% to 19.5%. In contrast, the liquid product
yield remains relatively constant at approximately 30%
across most temperatures, with the exception of the run
conducted at 400 °C, where it drops to 24.2%. This
deviation is attributed to experimental uncertainties in
accurately quantifying the liquid fraction particularly due
to collection losses, adhesion to system surfaces, and

incomplete separation of tar from water.

The same uncertainty in liquid product measurement is
the primary contributor to the observed mass balance
discrepancy, which amounts to approximately 22%. This
unaccounted fraction likely includes unrecovered
condensable vapors, aerosolized tars retained in the gas
lines, and minor measurement errors in solid and gas
quantification.

Table 4 summarizes the key results of wood chip
pyrolysis as a function of temperature. The syngas
composition shown in Fig. 3b is averaged over the period
after residual air has been fully purged from the reactor.
Analysis of the gas composition reveals that the
concentration of combustible components (Hz, CO, CHa)
increases with rising pyrolysis temperature, although the
relative distribution among these components varies non-
uniformly.

The findings indicate that the pyrolysis temperature of
480 °C is optimal, resulting in the maximum lower heating
value of syngas (12.7 MJ/m?) and consequently the highest
values of Mechanical Gas Efficiency (MGE) and Cold Gas
Efficiency (CGE), which reach 84.9% and 25.8%,
respectively.

Analysis of MGE and CGE trends shows that both
efficiencies improve as temperatures climb to 480 °C, but
then decline at 520 °C. The relatively low CGE values
across all tests are attributed to the inherent energy
inefficiency of the laboratory-scale pyrolysis setup,
primarily due to significant heat losses to the environment.
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Notably, the lowest efficiency values were observed at
360 °C, despite this run exhibiting the highest carbon
conversion (69.4%). This apparent contradiction arises
because, at this low temperature, the pyrolysis reactions
proceed slowly and with low intensity, requiring the
longest residence time of the feedstock in the reactor to
achieve near-complete carbon conversion. In contrast, at
the optimal temperature of 480 °C, carbon conversion is
slightly lower (60%) but occurs more rapidly and produces
a syngas of significantly higher energy quality, resulting in
superior overall process efficiency.

IV. CONCLUSION

The paper proposes a novel fixed-bed reactor concept
designed to minimize tar formation while simultaneously
enhancing syngas yield. The reactor’s performance was
investigated across a range of pyrolysis temperatures,
including 360, 400, 440, 480, and 520 °C. The findings
demonstrate that 480°C is the optimal pyrolysis
temperature, resulting in the highest syngas heating value
(12.69 MJ/m?) and peak efficiency metrics: a Mechanical
Gas Efficiency of 84.9% and a Cold Gas Efficiency of
25.8%.

The study has established that as pyrolysis temperature
increases, the solid char yield decreases from 36% to
27.5%, while syngas yield rises from 11.1% to 19.5%. In
contrast, the liquid product yield remains relatively stable
at approximately 30%, with the exception of the 400 °C
run, where it dropped to 24.2%, likely due to experimental
uncertainties in liquid collection and quantification. The
overall mass balance closure error of approximately 22%
is primarily attributed to unmeasured condensable vapors,
tar deposition in gas lines, and minor measurement
inaccuracies.

Additionally, the physicochemical properties and
surface morphology of the resulting wood charcoal are
characterized, offering valuable insights into structural
transformation across various temperatures. These findings
contribute to the development of energy-efficient, low-tar
pyrolysis technologies for sustainable wood waste
valorization.
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