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Abstract: The global energy industry works towards an increased use of carbon-neutral biomass.
Nutshell represents a regional bio-waste, i.e., a bio-energy resource. Pyrolysis is a common method
for processing biomass into valuable energy products. The heat demand, however, limits pyrolysis
applications. Yet, such demand may be addressed via exothermic pyrolysis reactions under selected
operation conditions. Making the pyrolysis of Siberian pine nutshell autothermic comprised the
objective of the study. The study involved analytical methods together with a pyrolysis experiment.
The analytical methods included a thermogravimetric analysis combined with differential scanning
calorimetry and an integrated gas analyzer. Thermophysical characterization was executed using a
thermal diffusivity analyzer with the laser flash method. At 650 ◦C, pyrolytic heat was released in the
amount of 1224.6 kJ/kg, exceeding the heat demand of 1179.5 kJ/kg. Pyrolysis at a lower temperature
of 550 ◦C remained endothermic, although the combusted gas product provided 847.7 kJ/kg of heat,
which, together with exothermic release, covered the required heat demand for the pyrolysis process.

Keywords: pyrolysis; pine nutshell; exothermic reactions; heat expense; pyrolysis gas

1. Introduction

In recent years, the reduction in greenhouse gas emissions for carbon neutrality in heat
and electricity production has become an increasingly urgent task [1–3]. The latest regula-
tory documents in environmental protection set the goal for the world community to strive
for a balance between carbon dioxide emissions and their absorption or utilization [4,5].
The achievement of this goal in different countries is closely related to their energy security.
One of the options providing a two-way solution to this problem is the application of local
renewable sources of heat and electricity, namely biomass; being a natural sink of CO2,
it meets the zero-emission requirement [6]. Together with the fact that biochar produced
in pyrolysis improves soil quality and the life cycle of plants, the thermal processing of
biomass provides a promising approach to its utilization [7,8]. Moreover, being evenly
distributed geographically, biomass waste has potential as an equitable energy storage
vehicle [9]. The production of biomass waste is increasing, together with the productivity
of agricultural and timber processing enterprises [10,11]. As a rule, biomass processing
enterprises are located in close proximity to settlements with a decentralized energy sup-
ply, meaning that bio-waste utilization for valuable energy products supports regional
energy security. The competent use of bio-resources provides both autonomy in terms
of energy supplies and a reduction in greenhouse gas emissions. The factors limiting the
role of biomass in the energy balance include high humidity, low density, heterogeneity in
composition, and the slagging of some species. Among the efficient methods for improving
energy storage in biomass, pyrolysis is the most promising, according to the literature [12].
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This method is virtually a waste-free technology because all the products are applicable for
energy supplies or in other industries. For example, the yield of high-calorific gas may be
increased on account of the tars minimized in catalytic cracking, while biochar residue may
be used as an adsorbent. The yield of biochar, in turn, may be increased by using pyrolysis
gas to heat the retort [13]; the liquid products can be used in the production of biofuels [14]
or as a raw material in chemical synthesis [15].

A well-known review article [16] presents data on the ambiguity of the total thermal
effect of pyrolysis, varying from endothermic to exothermic. Numerous studies have re-
ported biomass pyrolysis as endothermic [17,18]. However, exothermic processes have also
been proven [19–22] for individual biomass particles and small weights, using analytical
methods of differential scanning calorimetry (DSC) [23,24]. In addition, there are methods
of enthalpy estimation for the feedstock and products [25], as well as for the determination
of pyrolysis activation energy [26]. The exothermic effect of wood pyrolysis, with large
tolerances in either direction, may be estimated at 1000 kJ/kg [27]. The Strache diagram
shows that the thermal effect of decomposition in the semi-coking process grows with
increased oxygen content in the fuel composition, reaching a maximum at 45% wt. O2
and decreasing beyond that point [28]. Low-temperature pyrolysis proceeding at tem-
peratures similar to that of semi-coking (500–550 ◦C) demonstrated a similar dependence
of the thermal effect on the content of oxygen. On a large scale, the retort’s temperature
maintenance was experimentally observed when the external heating was turned off at a
certain temperature [29]. The work in [30] describes a plant for producing charcoal by the
pyrolysis method, in which the raw material is heated from 350 to 500 ◦C using the heat
released by exothermic reactions.

The autothermic character of pyrolysis makes it extremely attractive both technically
and economically. For the development of pyrolysis in this direction, the proper conditions
to ensure that the heat released from exothermic reactions exceeds the heat absorbed by
endothermic ones must be selected. For the moment, a number of works have established
the total thermal effect of pyrolysis for, e.g., four types of biomass and their constituents
cellulose, xylan, and lignin [31]; these works provide equations describing the thermal
effect dependent on the conversion degree of the biomass. The course of pyrolysis, i.e.,
the quantitative ratio of the products, and its thermal effect are affected by the biomass
composition and the process parameters. For example, di Blasi et al. [32] established the
relationship between the humidity of hazelnut shell and the heat effect of its pyrolysis. A
number of works described the effect of the process parameters on the total heat released
in the pyrolysis zone during the residence time of volatile products [33,34] and the yield
of carbonaceous residue [35,36]. These works concluded that longer secondary reactions
between volatile products and the carbonaceous residue resulted in an increased yield of
the latter and an exothermic effect.

Autothermic pyrolysis requiring external energy only for its initiation was imple-
mented for the first time in the Stafford retort at the beginning of the 20th century [37].
For biomass applications, autothermic pyrolysis was developed in several directions, e.g.,
oxidative pyrolysis [38–40], in which an oxidizing agent is added to the reactor or its section
instead of an inert gas providing exothermic reactions. Another kind of autothermic pyroly-
sis utilizes the heat of interacting fluidized beds in biomass fast pyrolysis: the biomass is fed
into the inner tube of the reactor in the stream of the inert or pyrolysis gas; then, the inner
tube is heated by the fluidized bed combustion of pyrolysis carbonaceous residue in the
outer tube with the addition of sand and a catalyst [41,42]. Pyrolysis gas combustion also
provides heat implemented at an industrial scale in BioThermTH fluidized bed pyrolysis
(DynaMotive Technologies, Richmond, BC, Canada) [43].

Layered pyrolysis reactors are the most widespread for their reliability and simplicity
in construction and operation. This makes their adjustment to autothermic exploitation an
urgent research task for biomass pyrolysis reactors. To do this, a thoroughly studied heat
balance is necessary in terms of the components of energy generation, including the heat



Energies 2022, 15, 7118 3 of 15

of exothermic reactions and the combustion of the pyrolysis gas, as well as consumption,
including external heat for the process implementation.

2. Materials and Methods
2.1. Research Object

Siberian pine nutshell, widespread in the Siberian Federal District, was considered
as the research object. The main thermal characteristics of the Siberian pine shell were
determined by certified methods: ISO 1171:2010 for the ash content, ISO 11722:2013 for
moisture, and ISO 562:2010 for volatile compounds. The combustion heat was determined
according to ISO 1928:2020 using the ABK-1 bomb calorimeter (RET, Moscow, Russia). The
elemental composition was established using a Vario Micro Cube analyzer (Elementar,
Langenselbold, Germany). The characteristics of carbonaceous residue and tars were
determined similarly to those of the raw material, while the combustion heat of the gas
was calculated according to its composition. The thermal stability coefficient, which
characterizes the resistance of the fuel to heating, was found using Equation (1):

Thermal stability (TS) =
FC

FC + VM
(1)

where FC is a fixed carbon content, % and VM is the volatile matter content, %.
Table 1 shows the characteristics of the Siberian pine nutshell and the products of its

pyrolysis, i.e., solid carbonaceous residue and liquid tar. The obtained data are consistent
with those reported earlier [44]. For the natural raw material, as for all other types of
biomass, typical values for the yield of volatile substances and carbon content, as well
as low ash content and high calorific values, were observed. At the same time, there are
studies reporting high contents of potassium in the ash residue of pine nutshell [44,45],
which is the added value of this biomass as a key and widely used nutrient for plant
vegetation [46].

Table 1. Proximate and ultimate analysis of Siberian pine nutshell and products of pyrolysis.

Parameter Raw Material Carbonaceous Residue Tar

Moisture W a,% 13.0 2.2 N.a.

Ash content on dry basis A d,% 1.0 1.5 0.0

Volatile matter yield V daf,% 69.7 22.0 100.0

Low calorific value Qr
i , MJ/kg 18.1 28.3 27.5

Elemental composition on dry
ash-free weight, %

C daf 51.81 82.37 64.60

H daf 6.39 3.70 7.06

N daf 0.24 0.53 0.64

S daf traces traces traces

O daf 41.56 13.40 27.70

Coefficient of thermal stability
(Equation (1)) 0.43 0.79 N.a.

N.a.—not applicable; a—analyzed basis; d—dry basis; r—received basis; daf—dry ash-free basis.

Biochar having a high calorific value, comparable to some types of coals, may be used
as a fuel or an adsorbent since the solid residue is usually a material with high porosity and
adsorption capacity. A low sulfur content is a prerequisite for low emissions of SO2 in the
energy-related use of the raw material and its pyrolysis products. The thermal stability of
carbonaceous residue is almost two times higher than that of nutshell, which is associated
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with decreased fuel reactivity: the Vdaf value of the solid residue is more than three times
lower than that of the nutshell.

2.2. Characterization of Experimental Techniques

The pyrolysis material balance was compiled according to ISO 647:2017 from the
results obtained by using the laboratory setup shown in Figure 1. A detailed experiment
description and the data processing method were described previously [47].
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Figure 1. Laboratory installation for determining the yield of pyrolysis products: 1—Siberian pine
nutshell, 2—reactor, 3—laboratory transformer, 4—high-precision multichannel temperature meter
TM 5104 (Elemer, Russia), 5—K-type thermocouple, 6—receiver flask, 7—cooling water bath.

The energy content of the pyrolysis products relative to the initial biomass was calcu-
lated using Equation (2):

Energy yield (EY) =
mi × (Qd

i )i

m0 × (Qd
i )0

× 100, % (2)

where mi is the mass of the dry pyrolysis product, kg; m0 is the initial mass of the dry raw
material, kg; (Qd

i )i is the calorific value of the pyrolysis product, MJ/kg; and (Qd
i )0 is the

calorific value of the raw material, MJ/kg.
The fuel humidity depends on the environmental conditions, including air humidity,

temperature, and atmospheric pressure. The authors present an approach implemented
for dried fuel. The characteristics of pine nutshell, as well as the resulting products, were
converted to dry weight: for example, the value Qd

i used in Equation (2) was calculated
according to the data given in Table 1 using Equation (3):

Qd
i =

100
100 − Wa × Qr

i (3)
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The share of the energy yield obtained with pyrolysis gas was calculated as resid-
ual from the heat balance (Equation (4)), while the pyrogenetic water was taken as a
zero-calorie product:

EY(gas) = 1 − EY(c.r.)− EY(tar), % (4)

The thermal effects during the decomposition of the raw material and the components
of the gaseous products were determined by means of thermogravimetric analysis (TGA)
combined with differential scanning calorimetry (DSC). This analysis was performed using
the STA 449 F5 Jupiter microthermal analyzer with an integrated QMS 403 Aeolos gas
analyzer (NETZSCH, Selb, Germany) in an argon atmosphere (with a carrier gas flow
of 50 mL/min), simulating the conditions of pyrolysis without oxidation reactions. To
perform the experiment, the raw material was brought to an air-dry state, after which it was
ground using a VLM-25 laboratory mill (Vilitek, Moscow, Russia) and screened through the
Analysette 3 SPARTAN vibrating sieve (Fritsch, Idar-Oberstein, Germany). For analysis,
a fraction below 0.2 mm was used to increase the homogeneity of the test sample and
reduce the impact of air in the voids on the thermal effects. Samples of 20 mg were used
in a temperature range from 20 to 900 ◦C at the heating rate of 10 ◦C/min. The gaseous
products were transported to the quadrupole mass spectrometer through a transfer line
heated to 235 ◦C to prevent condensation. The mass spectra were recorded with a step of 1
for the 1 to 50 amu interval.

The heat release (relative to 1 kg of dry raw material) in pyrolysis was determined
by two methods: (i) by analyzing the obtained results in the NETZSCH Proteus software
and (ii) by comparing the area of the endothermic minimum associated with the moisture
evaporation Sendo with the areas of the exothermic maxima of the organic share of the raw
material Sexo, as in Equation (5):

Qexo = Qendo ×
Sexo

Sendo
× 100

100 − W
, kJ/kg (5)

where Qendo is the endothermic peak value, as determined in Equation (6):

Qendo = cp × W
100

× (t1 − t0) +
W

100
× r, kJ/kg (6)

where cp is the heat capacity of water vapor equal to 4.187 kJ/(kg·◦C); W is the moisture
in the raw material, %; t0 is the initial temperature equal to 20 ◦C; td is the temperature of
complete external moisture evaporation equal to 120 ◦C; and r is the heat of vaporization
equal to 2258.2 kJ/kg.

The areas Sexo and Sendo were determined using the KOMPAS 3D V16 software.
The heat expense for pyrolysis, including the heat consumed by the formation and

evaporation of moisture Qendo, is associated with the heating of biomass to a temperature
t1, at which its decomposition begins Q2 (Equation (7)), further heating until the process
ends (tp), and the feedstock is converted into carbon residue Q3, (Equation (8)), as well as
with the heat content in pyrolysis volatile products Q4 (Equation (9)):

Q2 =

(
1 −

(
W

100

))
× Cpb

× (t1 − t0), kJ/kg (7)

Q3 = 0.5 ×
(

1 −
(

W
100

))
×

(
tp − t1

)
× Cpcr

×
(
ωcr1 + ωcrp

)
, kJ/kg (8)

Q4 = 0.5 ·
(

1 −
(

W
100

))
×

(
tp − t1

)
× Cpvol

×
(
ωvol1 + ωvolp

)
, kJ/kg (9)

where Cpb
, Cpcr

are the heat capacities of the initial biomass and the carbon residue, respec-
tively, determined using a DLF-1200 thermal diffusivity analyzer (TA Instruments, New
Castle, DE, USA) by the laser flash method described in [48], kJ/(kg·◦C) Cpvol

is the heat
capacity of the volatile pyrolysis products determined as described in [49] according to their
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condensable tar, pyrogenic water, and non-condensable gaseous components, kJ/(kg·◦C);
t1 is the temperature at which biomass active decomposition begins, as determined in the
TGA/DSC analysis, ◦C; tp is the end pyrolysis temperature, ◦C; ωcr1, ωcrp, ωvol1, ωvolp are
the shares of carbonaceous residues and volatile pyrolysis products at temperatures t1 and
tp, respectively, %.

When compiling the heat balance of biomass processing, the heat content (HC) in the
carbon residue and tar were calculated using Equation (10):

HCi =
mi

m0
× (Qd

i )0, MJ/kg (10)

The heat content of pyrogenic water was included in the thermal effect, while the heat
content of pyrolysis gas was determined, as with the energy yield coefficient, from the
heat balance. To experimentally determine the pyrolysis gas composition and the yield
of liquid products in time, the experimental devices shown in Figures 2 and 3 were used,
respectively. For the experiments, the raw material was ground in a VLM-25 laboratory
mill (Vilitek, Moscow, Russia) and screened through the Analysette 3 SPARTAN vibrating
sieve (Fritsch, Idar-Oberstein, Germany) in order to separate the 0.2–1.0 mm fraction. The
20 g samples were loaded into the reactor and heated to 550 ◦C at a rate of 10 ◦C/min. Due
to the small volume of the reactor working zone (653 cm3), it was not purged with an inert
gas before the experiment. The air contained in the reactor was displaced by water vapor
released when heated to 120 ◦C. Within the temperature range of 200–550 ◦C, the volume
of liquid products was measured for each 25 ◦C interval. The contents of the pyrolysis gas
components, including CH4, CO2, CO, and H2, were measured by means of the TEST-1
gas analyzer (BONER, Novosibirsk, Russia). The total volume of gas was calculated as
a sum of the components by using TEST-1 for P20-004M (RS 232) gas analyzer software
(Novosibirsk, Russia).
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Figure 2. Laboratory device for the pyrolysis gas analysis: 1—Siberian pine nutshell, 2—reactor,
3—laboratory transformer, 4—high-precision multichannel temperature meter TM 5104 (Elemer,
Moscow, Russia), 5—K-type thermocouple, 6—receiver flask, 7—down-flow condenser, 8—coiled
condenser, 9—cooling water baths, 10—tubular filter, 11—activated-carbon filter, 12—cotton waste
filter, 13—fluoroplastic filter, 14—gas analyzer TEST-1 (BONER, Novosibirsk, Russia).



Energies 2022, 15, 7118 7 of 15Energies 2022, 15, x FOR PEER REVIEW 7 of 15 
 

 

 
Figure 3. Laboratory device for measuring the yield of the liquid products in time: 1—Siberian pine 
nutshell, 2—reactor, 3—laboratory transformer, 4—high-precision multichannel temperature meter 
TM 5104 (Elemer, Moscow, Russia), 5—K-type thermocouple, 6—down-flow condenser, 7—gauged 
condensate collector. 

3. Results and Discussion 
The material balance is the primary and inalienable factor when studying the pyrol-

ysis process. The balance, in the first approximation, provides the total heat of the process 
on the basis of component heat capacities. Hosokai et al. [50] studied the pyrolysis of cedar 
wood in a fluidized bed, determining the yield ratios between solid, liquid, and gaseous 
products, with the total heat generation of the process being positive. 

Figure 4a shows the material balance of the Siberian pine nutshell pyrolysis. Based 
on the results, including those in Table 1, the energy shares among the pyrolysis products 
relative to the initial biomass are shown in Figure 4b. 

 
Figure 4. Material (a) and energy balance (b) of pyrolytic products. 
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condensate collector.

3. Results and Discussion

The material balance is the primary and inalienable factor when studying the pyrolysis
process. The balance, in the first approximation, provides the total heat of the process on
the basis of component heat capacities. Hosokai et al. [50] studied the pyrolysis of cedar
wood in a fluidized bed, determining the yield ratios between solid, liquid, and gaseous
products, with the total heat generation of the process being positive.

Figure 4a shows the material balance of the Siberian pine nutshell pyrolysis. Based
on the results, including those in Table 1, the energy shares among the pyrolysis products
relative to the initial biomass are shown in Figure 4b.
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The results confirm the promising properties of the biochar solid residue. It has the
highest quantitative and energy yields relative to the initial biomass among the products.
The pyrolysis gas also has a high share of energy yield.

The TG-DSC analysis of the pyrolytic processing of nutshell was carried out with the
results given in Figure 5.
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The heating of the raw material from ambient temperature to 120 ◦C resulted in
the DSC showing an endothermic minimum associated with the evaporation of external
moisture. Further heating brought an exothermic maximum within the temperature range
of 250–370 ◦C, in which the organic part of the biomass decomposed, with the formation
of volatile products comprising 45.8% of the initial mass of the raw material. In the
temperature range of 470–750 ◦C, the second exothermic maximum appeared, with an
insignificant mass loss of 6.6%.

The temperature range of the first exothermic maximum corresponded to the decom-
position of cellulose and hemicellulose. A large share of the raw material decomposition
was explained by the liquid and gaseous products formed in relative amounts of 85% and
90%, respectively [51]. The lignin decomposition proceeded evenly over the temperature
range from 200 to 540 ◦C and, according to Yang et al. [19], could have proceeded even
up to 900 ◦C under certain process conditions. With the lignin decomposition, exothermic
reactions also took place due to the biochar structure rearrangement after releasing the
major part of the volatile products, which can be seen in the slight decrease in the sample
mass at the TG curve (Figure 5).

Analyzing the deviations from the DSC curve, one can see that the second exothermic
maximum was significantly higher than the first maximum. This indicates a greater
contribution of the thermal lignin transformation to the total thermal effect of pyrolysis.
This assumption is substantiated by the fact that the area of the first exothermic maximum,
at a lower temperature, was approximately thirteen times smaller than the second, i.e, the
higher temperature one. At the same time, the cellulose and hemicellulose decomposition,
according to the published data [19], almost completely ended before the temperature
reached at the beginning of the second maximum (470 ◦C). Further heating and the resulting
heat release were accompanied by the loss of mass during the lignin transformation.
In addition, exothermic reactions were associated with changes in the structure of the
carbonaceous residue, also mostly formed during lignin decomposition [52]. This fact is in
good agreement with the observations of Chen et al. [31]; they reported the thermal effect
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of secondary decomposition reactions of wood and straw as lignocellulosic biomass being
almost an order of magnitude greater than that of cellulose, mainly decomposed below
400 ◦C.

The TG/DSC analysis (Figure 6) shows the total heat release of the exothermic reactions
relative to 1 kg of dry raw material, together with the pyrolysis heat expenses at different
process temperatures (Table 2).
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Table 2. Siberian pine nutshell pyrolysis: heat expenses and exothermic effects dependent
on temperature.

Thermodynamic Characteristics of the Nutshell Pyrolysis Temperature tp, ◦C

t1, ◦C Cpb
, kJ/(kg·◦C) Cpcr

, kJ/(kg·◦C) ‘ Cpvol
, kJ/(kg·◦C)

550 650 750

Exothermic heat Qexo, kJ/kg

345.4 1224.6 1557.8

200 2.1 1.7 1.96
Heat expense, kJ/kg

999.4 1179.5 1364.2

Endothermic and exothermic pyrolysis heat effects were assessed using Equations (11) and (12)
(see also Equations (5) and (6)):

Qendo = 4.187 × 1.4
100

× (120 − 20) +
1.4
100

× 2258.2 = 37.5 kJ/kg (11)

Qexo = 37.5 × 905.76
22.10

× 100
100 − 1.4

= 1557.8 kJ/kg (12)

The exothermic effect observed in the experiment is consistent with the one obtained
by the NETZSCH Proteus instrument software (Figure 5), equal to 1562 kJ/kg. The heat
released from exothermic reactions due to the decreased final pyrolysis temperature was
calculated in a similar way: Table 2 presents the parameters and the results of the heat
effect calculation for Siberian pine nutshell pyrolysis dependent on the final temperature.
Comparing the pyrolysis heat expense with its exothermic release, one can conclude that
the full coverage of heat expenses with an exothermic final process was achieved at 650 ◦C
and above.
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It should be noted that the Qexo value also includes the heat of the reactions of
pyrogenic water formation within the exothermic heat peak temperature ranges, together
comprising a joint sector in the compiled heat balance (Figure 7).
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At a process temperature of 550 ◦C, the pyrolysis gas combustion served as an addi-
tional energy source covering the heat expense. This made the gas composition a factor
determining the balance of thermal effects in the applied temperature ranges. For example,
a high methane content supports the process’ exothermic character. The formation of
methane may be described by the exothermic reactions between hydrogen and the raw
material carbon (Equation (13)) or carbon monoxide (Equation (14)) [50]. In addition,
during the heat release, the following reactions of interaction between carbon monoxide
with water (Equation (15)) can occur:

C(s) + 2H2(g) = CH4(g) + 74.90 kJ/mol (13)

CO(g) + 3H2(g) = CH4(g) + H2O(g) + 206.17 kJ/mol (14)

CO(g) + H2O(g) = H2(g) + CO2(g) + 41.15 kJ/mol (15)

The pyrolysis gas composition was determined using quadrupole mass spectrometry,
with the results given in Figure 8.

High yields were observed for carbon-containing gases (CO, CO2, and CH4) at
250–400 ◦C, as well as for hydrogen above 600 ◦C. The peak and practically the only
release of carbon oxides occurred in the temperature range typical for the first exothermic
maximum; above 400 ◦C, no carbon oxides were observed. Methane generation was ob-
served in a wider temperature range, with three maxima from 250 to 550 ◦C (Figure 8b).
Combustible CH4, H2, and CO made the pyrolysis gas a source of energy with the amount
of combustion heat assessed. For this, the contents of the combustible components were
experimentally determined within the temperature range up to 550 ◦C.

Figure 9 shows the Siberian pine nutshell pyrolysis gas composition, as well as the
yields of liquid products at each temperature range, given relative to their total amount.
The results are consistent with the analytical studies (Figure 8) in terms of temperature
ranges for maximum liquid product release, as well as the concentrations of the considered
gas components.

One can see the maximum CO and CO2 concentrations in the pyrolysis gas, 29.0
and 46.6 vol.%, respectively, occurring between 325 and 375 ◦C, which coincides with the
highest yield of liquid products within the first exothermic maximum temperature interval
(Figure 5): at these temperatures, cellulose and hemicellulose decompose to produce
pyrogenic water and levoglucosan formed from the pyrolysis of carbohydrates, with a
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large share in the pyrolysis tar [53]. A large amount of CO and CO2 in the pyrolysis gas
was formed during the cracking and reforming of the C=O, COOH, and C-O-C groups
in the biomass molecules [51]. With the temperature increased above 375 ◦C, the CO and
CO2 concentrations decreased, as well as the yield of liquid products. The rather high CO2
concentration of 15 vol.% until the end of pyrolysis is explained by the carbon dioxide
released from the char formation reactions [33]. The growth in methane concentration up
to 43.2 vol.% at 480 ◦C corresponds to the initial stage of the second exothermic maximum,
typically attributable to lignin decomposition with small amounts of water formed together
with tar at 375–400 ◦C; this was also observed in this study [51].
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Figure 9. Pyrolysis gas composition and yields of liquid products in processing the Siberian
pine nutshell.

Table 3 summarizes the average combustion heat values for the pyrolysis gas and the
total volumes of combustible components (CO, H2, and CH4) relative to 1 kg of the raw
material within the indicated temperature ranges. The multiplication of these data gives
the total amount of heat obtained by the combustion of the gas, equal to 847.7·10−3 MJ/kg
(847.7 kJ/kg), which, together with exothermic reactions, covered the pyrolysis heat ex-
pense, thus setting up the prospects for pyrolysis gas utilization.

Table 3. The volumes and combustion heat of the pyrolysis gas combustible components relative to
the Siberian pine nutshell mass.

Temperature Range
∆T, ◦C

Calorific Value
Qmean, MJ/m3

Gas Yield
V, m3/kg

Gas Combustion
Heat Q, MJ/kg

250–300 0.97 0.74 × 10−3 0.7 × 10−3

300–350 4.11 6.08 × 10−3 25.0 × 10−3

350–400 7.40 8.49 × 10−3 62.8 × 10−3

400–450 13.57 13.20 × 10−3 179.1 × 10−3

450–500 16.10 19.68 × 10−3 316.9 × 10−3

500–550 14.12 18.64 × 10−3 263.2 × 10−3

Total value N.a. 66.83 × 10−3 847.7 × 10−3

N.a.—not applicable.

4. Conclusions

The pyrolysis heat expense may be covered by the inherent heat released in the thermal
transformations of cellulose, hemicellulose, and lignin, which is characteristic of all plant
biomass. The example of Siberian pine nutshell confirms the possibility of such heat
coverage, with exothermic reactions at 650 ◦C in which the heat of 1224.6 kJ/kg exceeded
the heat expense of 1179.5 kJ/kg. Exothermic reactions at a temperature range of 250–370 ◦C
provided liquid products with CO2 prevalence in the pyrolysis gas. At higher temperatures,
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a positive thermal effect was associated with minimal weight loss. The large content of
lignin in Siberian pine nutshell resulted in a high yield of methane in the pyrolysis gas,
making its heat of combustion as high as 16.1 MJ/m3 if formed within the temperature
range of 450–500 ◦C. The combustion of gas formed from 1 kg of Siberian pine nutshell up
to a temperature of 550 ◦C provided heat in the amount of 847.7 kJ, covering, together with
the exothermic reactions, the pyrolysis heat expense. The method of assessing the coverage
of heat expense developed in this research for the pyrolysis process may also be applied to
the analysis of other types of biomass.
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