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sidual biomass by pyrolysis:
influence of process conditions on products

A. C. M. Vilas-Boas, L. A. C. Tarelho, * H. S. M. Oliveira, F. G. C. S. Silva, D. T. Pio
and M. A. A. Matos

In the context of sustainable residual biomass management, this work explores the pyrolysis process of

residual biomass using a bench-scale fixed bed reactor. The main focus is to comprehensively analyze

the effects of diverse forest and agroforestry biomass, pyrolysis temperature (350, 450 and 550 °C) and

heating rate (2, 10 and 30 °C min−1) on the yield of the products biochar, bio-oil and permanent gas, and

on the composition of biochar and permanent gas. This analysis provides a valuable collection of insights

to support the advancement of pyrolysis projects and their expansion into industrial production,

facilitating the creation of versatile products. The study showed that the biochar, bio-oil and permanent

gas yields were between 0.22 and 0.47, 0.26 and 0.59 and 0.17 and 0.41 kg kg−1 dry biomass,

respectively. The pyrolysis of olive pomace has the maximum biochar yield, that of eucalyptus sawdust

has the maximum bio-oil yield, and that of giant reed has the maximum permanent gas yield. The

increased temperature led to a decreased biochar yield and an increased bio-oil yield. The increased

heating rate led to a decreased biochar yield and an increased bio-oil yield. Biochar has a carbon

content above 0.7 kg kg−1 dry ash free, with an LHV between 24.2 and 30.5 MJ kg−1 dry biochar,

suggesting potential for soil enrichment and the energy vector. Permanent gas has an LHV between 5.4

and 9.7 MJ Nm−3, and seems useful as a thermal energy source to support the pyrolysis process.
1. Introduction

There has been a rapid global growth of interest in diverse
renewable energy sources for decarbonizing the society.1

Biomass, including agricultural wastes and forestry residues is
considered a promising competitive candidate for replacing
fossil fuel production and supply.2–4 Therefore, thermochemical
conversion of biomass into biofuels and other value added and
environment friendly compounds has attracted substantial
research attention.5

Thermochemical conversion of biomass concerns all
processes characterized by higher temperature to convert
biomass into more useful product streams.2,3,5 Pyrolysis is one
of these process, in which the thermo-chemical conversion of
biomass is performed in the absence of oxygen.3,4,6 During
pyrolysis, the biomass structure is thermally broken down into
char (solid fraction), bio-oil (condensed vapors) and permanent
gas (non-condensable gases under atmospheric conditions).
The relative amount and composition of these products depend
on several factors, including the pyrolysis heating rate,
temperature, residence time, technology, and biomass
characteristics.7
& Centre for Environmental and Marine
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This process involves different overlapping stages: drying
and primary and secondary reactions.7–9 These reactions are
mostly endothermic. First, during heating of the solid fuel
particle, water is evaporated (drying stage, which usually occurs
until around 100 °C) and then a progressive release of volatiles
occurs with temperature increase (primary pyrolysis stage, until
approximately 500 °C). This release of volatiles is the main stage
of the pyrolysis process, where large molecules of the organic
matrix of biomass particles decompose into primary volatiles
(condensable gases and permanent gases) and primary char,
accompanied by a signicant weight loss of the original solid
biomass particle.7–9 If the biomass is further converted at higher
temperatures, some of the primary volatiles released into the
particle can participate in a variety of secondary reactions. The
primary and secondary reactions can take place simultaneously
on different parts of a biomass particle.8 The composition of
volatiles is a combined effect of primary and secondary pyrolysis
conversion.7,8

Biomass mainly consists of three macro-components: cellu-
lose (30–60%), hemicellulose (20–35%) and lignin (15–30%),
that decompose in different temperature ranges during ther-
mochemical conversion of biomass.10 These main macro-
components of biomass undergo pyrolysis in distinct ways,
thus contributing differently to the yields of the pyrolysis
products. For example, cellulose and hemicellulose are the
main sources of volatile matter in lignocellulosic biomass.
Sustainable Energy Fuels, 2024, 8, 379–396 | 379

http://crossmark.crossref.org/dialog/?doi=10.1039/d3se01216f&domain=pdf&date_stamp=2024-01-12
http://orcid.org/0000-0002-4913-3918
http://orcid.org/0000-0003-0385-5621
http://orcid.org/0000-0002-0305-427X
http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d3se01216f
https://pubs.rsc.org/en/journals/journal/SE
https://pubs.rsc.org/en/journals/journal/SE?issueid=SE008002


Sustainable Energy & Fuels Paper

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 0

4 
D

ec
em

be
r 

20
23

. D
ow

nl
oa

de
d 

on
 4

/4
/2

02
6 

2:
19

:2
3 

PM
. 

 T
hi

s 
ar

tic
le

 is
 li

ce
ns

ed
 u

nd
er

 a
 C

re
at

iv
e 

C
om

m
on

s 
A

ttr
ib

ut
io

n 
3.

0 
U

np
or

te
d 

L
ic

en
ce

.
View Article Online
Cellulose is a primary source of condensable vapors, whereas
hemicellulose contributes more to the production of non-
condensable vapors.11 Lignin decomposes slowly, making
a major contribution to the char yield, due to its aromatic
content.7 Additionally, the particle size, shape, and physical
structure of the biomass inuence the pyrolytic products by
affecting heat and mass transfer throughout the process. Finer
particles provide less resistance to the release of condensable
vapors, which therefore escape relatively easily to the
surroundings before undergoing secondary cracking, resulting
in a higher bio-oil yield.7

Char is mainly composed of carbon, but it also contains
oxygen, hydrogen and inorganic elements (ash). The lower
heating value (LHV) of char is between 22 and 34 MJ kg−1 dry
basis,7,12–14 which is substantially higher than that of the raw
biomass, between 15 and 20 MJ kg−1 dry basis.8,15–17 Bio-oil
consists of water and a complex mix of oxygenated organic
compounds, such as aldehydes, ketones, acids, alcohols, sugars
and dehydrosugars and phenolic compounds.7,18–20 The
permanent gas (not condensable vapors) is composed of the
following most relevant components CO2, CO, H2, CH4, and
other light hydrocarbons (CxHy) and has a LHV ranging from 3
to 15 MJ Nm−3.7,13,19,21

Based on the heating rate imposed on the biomass particles,
pyrolysis may be classied into two main categories of
processes: fast or slow. Fast pyrolysis is characterized by a high
heating rate (e.g., 100 to 1000 °C s−1) and a very short residence
time in the gas phase (below 1 s), resulting in the production of
bio-oil with yields between 65 and 75 %wt. and char with yields
between 10 and 30 %wt.6,22,23 The bio-oil is considered a versa-
tile raw material that can be rened or processed in different
ways to meet various needs, including the production of
transportation fuels and chemicals with added value. The char
and permanent gas can be used as fuel to provide thermal
energy for the pyrolysis process or for heat and power genera-
tion.3,23 Slow pyrolysis is characterized by low heating rates (e.g.,
<1 °C s−1) and a long residence time in the solid phase (between
minutes and days),7,24,25 and produces char with yields between
25 and 35 %wt. and bio-oil with yields between 20 and 50 %wt.6

The char applications typically involve water treatment, energy
generation, soil amendment, and carbon sink, among other
applications.6,26–28

Pyrolysis of residual biomass has been studied and devel-
oped for different purposes. For example, Yang et al.29 studied
the production of bio-oil to mix with diesel. Bio-oil was
produced by fast pyrolysis of coffee bean residue, and it was
found that the high-water content in bio-oil causes a reduction
in its heating value, but the authors observed that the emulsi-
cation properties of the fuel mixture bio-oil/diesel enhanced
certain aspects of combustion, with NOx emission reduction in
certain proportions of bio-oil. Zhou et al.30 studied co-
application of biochar and bio-oil for valorization as an
asphalt material, and found that biochar can remarkably
modify the performance of petroleum asphalt, including
penetration, soening point, ductility, viscosity and complex
modulus, and that the upgraded bio-oil can be used to partly or
fully replace petroleum asphalt, which is a promising biomass
380 | Sustainable Energy Fuels, 2024, 8, 379–396
application. Liang et al.26 studied the biochar application as
a soil amendment, and found that biochar application in
alkaline saline soil improved the physical and hydraulic prop-
erties of saline–alkaline soil (e.g., increased soil porosity and
decreased the bulk density).

However, most of the studies on the pyrolysis of biomass rely
on a specic biomass type and on the yield and characteristics
of a specic product or application, and mostly on biochar and
bio-oil.31–34 In fact, it is recognized that a more comprehensive
approach is needed, involving the integrated analysis of pyrol-
ysis experiments using different types of residual biomass,
including the analysis of the distribution and characteristics of
the resulting products, biochar, bio-oil and gas, and the inu-
ence of process conditions such as the temperature and heating
rate, to drive the development of pyrolysis projects and their
expansion into industrial production.

In this context, this study adopts a new approach by simulta-
neously conducting an experimental analysis under different
pyrolysis conditions, specically involving distinct types of residual
forestry and agroforestry biomass, and different temperatures, and
heating rates. This is supplemented by a comprehensive charac-
terization of biochar and gases. The pyrolysis experiments were
performed in a bench-scale xed bed reactor.

Remarkably, this research encompasses several types of
biomass residues, typically found in south-Europe regions, that
typically do not receive enough attention in the literature but
are produced in high quantities and must be sustainably
managed. This uncommon focus on conducting a combined
analysis of operational conditions, especially diverse under-
represented biomass sources lends uniqueness to this study.
For instance, in the review studies conducted by Dhyani and
Bhaskar,35 Afraz et al.,36 and Marianela,37 a wide range of
different residual biomasses are compiled for pyrolysis analysis,
but do not include several biomasses studied in this research.

Therefore, this new information provides a set of systematic
information and knowledge on residual biomass pyrolysis
under different operating conditions, which can support deci-
sions related to pyrolysis projects, including the scale-up of the
process for industrial production of different products with
various potential applications. Furthermore, this study aims to
promote efficient and targeted pyrolysis as a strategic approach
for residual biomass management, particularly the residual
biomass from forestry maintenance operations. This approach
can contribute to better management of residual biomass from
forestry operations for wildre prevention in regions of
southern Europe such as Portugal, and can also contribute to
promoting the development of a local forestry-based economy
in rural areas.

2. Materials and methods
2.1. Feedstock characterization

In this work, a set of distinct residual biomass types commonly
found in the Portuguese forest and agroforest was used, and
includes acacia (Acacia longifolia, A), gorse (Ulex minor, G), giant
reed (Arundo donax, GR), olive pomace (OP), eucalyptus sawdust
(ES) and eucalyptus bark (EB) (Fig. 1).
This journal is © The Royal Society of Chemistry 2024
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Fig. 1 Biomass samples. (a) acacia; (b) gorse; (c) giant reed; (d) olive pomace; (e) eucalyptus sawdust; (f) eucalyptus bark.
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These feedstocks were selected for the following reasons:
acacia, gorse and giant reed are available in Mediterranean
forests and are available as a result of forestry maintenance
operations for wildre prevention, and acacia, being an invasive
species, is subject to periodic removal as part of forestry oper-
ations; olive pomace is an agro-industrial by-product that is
produced in large quantities in Portugal from olive oil extrac-
tion; eucalyptus sawdust and eucalyptus bark are two by-
products of the pulp industry.

The raw feedstocks were pre-dried under atmospheric
conditions (air dried) and sieved to a particle size between 2 and
4 mm.

The feedstocks were characterized for proximate analysis
(Table 1) according to CEN/TS standards (14774-3:2004 for
Table 1 Proximate and ultimate analysis of biomass types used in the
pyrolysis experiments in a laboratory scale fixed bed reactor

Feedstocks Aa Ga GRa OPa ESa EBa

Proximate analysis
Moisture (%wt., wba) 10.9 10.9 10.3 9.1 12.2 10.2
Volatile matter (%wt., dba) 85.4 81.7 87.0 74.8 87.3 80.8
Fixed carbon (%wt., dba) 12.5 16.9 9.4 19.8 11.9 14.6
Ash (%wt., dba) 2.1 1.4 3.6 5.4 0.8 4.6

Ultimate analysis (%wt., dafa)
C 52.5 50.4 51.0 53.5 51.4 50.0
H 6.9 5.5 6.9 7.2 6.6 6.1
N 1.1 0.7 0.6 1.3 <0.1 0.3
S Nd nd nd nd nd nd
O 39.5 43.4 41.5 38.0 42.0 43.6
LHV (MJ kg−1, dba) 20.1 18.2 19.4 20.3 19.8 18.0
Bulk density (kg m−3, wba) 154 197 141 672 138 80
H/C molar ratio 1.6 1.3 1.6 1.6 1.6 1.5
O/C molar ratio 0.6 0.6 0.6 0.5 0.6 0.7

a A – Acacia; G – gorse; GR – giant reed; OP – olive pomace; ES –
eucalyptus sawdust; EB – eucalyptus bark. wb – wet basis; db – dry
basis; daf – dry ash free.

This journal is © The Royal Society of Chemistry 2024
moisture, 14775:2004 for ash, and 15148:2005 for volatile
matter), ultimate analysis (C, H, N, and S) according to ISO
16948 and lower heating value (LHV) according to ISO 18125.
The xed carbon was determined by subtracting the sum of the
percentages of ash and volatile matter from 100%, and the O
content was calculated by subtracting the sum of the percent-
ages of C, H, N, S and ashes from 100%.

2.2. Experimental setup

The experimental setup (Fig. 2) developed at the University of
Aveiro (Portugal) used in this work includes a xed-bed tubular
quartz reactor with 20 mm internal diameter and 350 mm
length; a tubular furnace that is controlled by an electronic unit
that allows the regulation of heating rates and temperatures of
the tubular quartz reactor; a thermocouple type K located at the
central region of the quartz tube reactor in order to monitor the
temperature of the biomass and feedback of the electronic
control unit that controls the temperature of the electric
furnace.

In each pyrolysis experiment (batch operation), a pre-weighed
feedstock sample is placed inside a quartz tube, which is then
inserted inside the electric furnace. Nitrogen gas (ow rate of
0.150 LNPTmin−1) is used as the reactor purge gas in order to avoid
the presence of oxygen and to carry the pyrolysis vapors that are
released during the process. To perform the experiment, the
electronic control system is switched on for operation of the
electric furnace and heating the quartz reactor at the desired pre-
programed heating rate from ambient temperature until the pre-
dened process temperature was reached, referred to in this work
as the pyrolysis temperature, and maintained for the established
soak time (30 minutes).

The pyrolysis vapors are transported to a set of condensers
(Fig. 2j), where the fraction of these vapors is condensed (at
z273 K and 1.013 × 105 Pa) to generate bio-oil, and the
remaining gas (here referred to as permanent gas) ows to an
exhaust system or is collected in a sampling bag. Aer the
Sustainable Energy Fuels, 2024, 8, 379–396 | 381
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Fig. 2 Schematic representation of the experimental setup used. (a) Furnace controller; (b) datalogger recorder for temperature; (c) ceramic
wool; (d) quartz tube; (e) thermocouple type K; (f) gas-flow controller; (g) N2 cylinder; (h) electrical furnace; (i) vapor outlet; (j) pyrolysis vapor
condensation unit with impingers for condensable gases (bio-oil); (k) exhaust system; (l) paper filter; (m) additional gas condensation unit for
moisture and other condensable gases; (n) sampling bag; (o) gas chromatograph.
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soaking time, the quartz tube reactor is removed from the
furnace and le under room temperature conditions for cool-
ing, under nitrogen purge.
2.3. Methodology

The pyrolysis experiments were performed to determine the
effect of temperature, heating rate and biomass type on the
yield of pyrolytic products (biochar, bio-oil, and permanent
gas), and on biochar and permanent gas composition. The
operating conditions of the pyrolysis experiments performed
are detailed in Table 2.

The variation in biomass loading is a result of the strategy to
achieve a consistent temperature prole in all experiments
within the quartz tubular reactor. As the reactor exhibits
a temperature gradient along its length, with lower tempera-
tures at the begin and end sides of the reactor due to heat loss,
the central zone of the reactor was selected based on the
temperature prole uniformity to ensure it matched the desired
experimental conditions. Consequently, the biomass loading in
the quartz tubular reactor varies directly with volumetric mass.
For example, olive pomace (OP) has a signicantly higher
volumetric mass compared to other types of biomasses,
resulting in a higher amount of sample used in the reactor, in
each experimental run.

The choice of temperatures, 350, 450 and 550 °C was based
on literature information on the thermal decomposition ranges
of the biomass macro-components (hemicellulose, cellulose
and lignin),3,7,38,39 and also based on previous studies of the
pyrolysis process of other biomass materials.27 According to the
literature,3,7,38,39 xylan, which is a frequently used model
compound for studying hemicellulose pyrolysis, begins to
degrade in the range of 220 to 350 °C. Cellulose, being more
stable compared to hemicellulose, starts to decompose between
275 and 400 °C, with a peak in the mass loss rate at around 370 °
382 | Sustainable Energy Fuels, 2024, 8, 379–396
C.39 On the other hand, lignin is the most stable component and
has a broad temperature decomposition range, varying between
200 and 500 °C. For this reason, a minimum pyrolysis temper-
ature of 350 °C and a maximum temperature of 550 °C were
dened to cover these degradation ranges to analyze the effect
of temperature on pyrolysis product yields and biochar and
permanent gas composition.

Regarding heating rates, these were selected based on liter-
ature studies of slow and intermediate pyrolysis for biochar and
bio-oil production34,40 and on previous experience of biomass
pyrolysis studies in the reactor used.27

For each experiment, the amount of biomass batch loaded
and the amount of biochar and bio-oil produced were quanti-
ed. The mass of permanent gas was determined using a mass
balance in the pyrolysis process, following eqn (1):

mgas = mbm,wb − mbiochar − mbio-oil (1)

The yield of products on a biomass dry basis was determined
following eqn (2)–(4):

Ybiochar;db ¼ mbiochar;db

mbm;db

(2)

Ybio-oil;db ¼ mbio-oil � ðmbm;wb �mbm;dbÞ
mbm;db

(3)

Ygas;db ¼ mgas;db

mbm;db

(4)

It should be noted that in the calculation of the bio-oil yield
determined through eqn (3), the contribution of the condensed
water originating from biomass moisture was discounted, and
only the condensed water originating from the pyrolytic reac-
tions (pyrolytic water) is taken into account for the amount of
bio-oil yield.
This journal is © The Royal Society of Chemistry 2024
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Table 2 Pyrolysis experiment reference and respective operating conditions. Experiments under N2 gas flow (0.15 LNPT min−1) and 30minutes of
soaking time

Reference Feedstock Pyrolysis temperature (°C) Heating rate (°C min−1) Biomass load (g, wb)

A,350,2 Acacia 350 2 z4.5
A,450,2 Acacia 450
A,550,2 Acacia 550
A,350,10 Acacia 350 10
A,450,10 Acacia 450
A,550,10 Acacia 550
G,350,2 Gorse 350 2 z5.0
G,450,2 Gorse 450
G,550,2 Gorse 550
G,350,10 Gorse 350 10
G,450,10 Gorse 450
G,550,10 Gorse 550
GR,350,2 Giant reed 350 2 z3.5
GR,450,2 Giant reed 450
GR,550,2 Giant reed 550
GR,350,10 Giant reed 350 10
GR,450,10 Giant reed 450
GR,550,10 Giant reed 550
OP,350,2 Olive pomace 350 2 z15.5
OP,450,2 Olive pomace 450
OP,550,2 Olive pomace 550
OP,350,10 Olive pomace 350 10
OP,450,10 Olive pomace 450
OP,550,10 Olive pomace 550
ES,350,2 Eucalyptus sawdust 350 2 z5.0
ES,450,2 Eucalyptus sawdust 450
ES,550,2 Eucalyptus sawdust 550
ES,350,10 Eucalyptus sawdust 350 10 z5.0
ES,450,10 Eucalyptus sawdust 450
ES,550,10 Eucalyptus sawdust 550
ES,350,30 Eucalyptus sawdust 350 30
ES,450,30 Eucalyptus sawdust 450
ES,550,30 Eucalyptus sawdust 550
EB,350,2 Eucalyptus bark 350 2 z3.5
EB,450,2 Eucalyptus bark 450
EB,550,2 Eucalyptus bark 550
EB,350,10 Eucalyptus bark 350 10
EB,450,10 Eucalyptus bark 450
EB,550,10 Eucalyptus bark 550
EB,350,30 Eucalyptus bark 350 30
EB,450,30 Eucalyptus bark 450
EB,550,30 Eucalyptus bark 550
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The biochars were characterized for proximate analysis
following CEN/TS standards (14774-3:2004 for moisture,
14775:2004 for ash, and 15148:2005 for volatile matter), ulti-
mate analysis (C, H, N, and S) following ASTM D5373 and the
lower heating value following ASTM D5865. The O content was
calculated by using difference of the sum of the mass percent-
ages of C, H, N, S and ashes and 100%.

The dry permanent gas composition (H2, CH4, CO, CO2,
C2H4, C2H6, and C3H8 molar concentration) was characterized
following gas sampling in bags (FlexFoil) and its analysis using
a gas chromatograph. The LHV of the dry permanent gas was
determined based on its composition, namely the concentra-
tion of combustible gases (H2, CH4, CO, C2H4, C2H6, and C3H8)
and their respective LHV (under reference conditions, 298 K
This journal is © The Royal Society of Chemistry 2024
and 1.013 × 105 Pa). The bio-oil samples collected will be
further characterized in future studies.

3. Results and discussion

The results presented in this section include the biochar, bio-
oil and permanent gas yields, and biochar and permanent
gas composition (proximate and ultimate analysis, and the
LHV of biochar, and the concentration of CO, CO2, CH4,
C2H4, C2H6, C3H8, and H2 and the LHV of permanent gas),
produced in the bench-scale xed bed pyrolysis reactor. The
focus is the study and analysis of the inuence of operating
conditions, namely, pyrolysis temperature, heating rate, and
feedstock type on the pyrolysis product distribution and
composition.
Sustainable Energy Fuels, 2024, 8, 379–396 | 383
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3.1. Yield and composition of biochar

Fig. 3 shows samples of biochar produced in pyrolysis experi-
ments conducted at 450 °C and a heating rate of 10 °Cmin−1 for
different biomass types.

The impact of the temperature and heating rate on biochar
yield is shown in Fig. 4. In some situations, the error bars are
virtually absent due to minimal variation between replicates
(less than 1%).

The biochar yield was between 0.22 and 0.47 kg kg−1 dry
biomass, which are within the range of typical values for the
slow pyrolysis process under similar conditions.12–14 Increasing
the pyrolysis temperature resulted in a decrease in biochar yield
(resulting in an average reduction of 24% in biochar yield),
attributed to the higher temperatures favoring the thermo-
chemical decomposition of biomass, consequently increasing
the release of volatile matter.2,17 Increasing the heating rate also
reduced biochar yield (5% on average), though the effect was
less pronounced than that of temperature.

The type of biomass had an impact on biochar yield, with
pyrolysis of olive pomace producing higher biochar yields, while
eucalyptus sawdust resulted in lower biochar yields, resulting in
an average difference of 22%. This can be justied by the higher
content of ash, xed carbon and density of the olive pomace,
while eucalyptus sawdust presents a higher volatile matter
content, ner particles (Fig. 1) and low density, which may have
contributed to a higher release of compounds into the gas
phase, leading to a lower mass of biochar.7 The effect of
chemical composition (e.g., volatile matter content) on biochar
yield and composition is discussed in section 3.4.

The average contents of ash, xed carbon (FC), and volatile
matter (VM) of the biochar produced are shown in Fig. 5. In general,
it is observed that the relationship between these components and
the increase in heating rate do not follow a clear trend, unlike what
occurs with the increase in temperature, as detailed below. This is
in line with results typically observed in the literature.27
Fig. 3 Biochar samples produced at 450 °C and 10 °C min−1 from exp
ES,450,10; (f) EB,450,10. Experiment reference following Table 2.

384 | Sustainable Energy Fuels, 2024, 8, 379–396
The increase in ash content of biochar with the temperature is
a consequence of the higher thermochemical decomposition of
the organic fraction of biomass, which is converted into pyrolysis
vapors, thus resulting in the enrichment of inorganic elements
(ash) in the biochar. This is a result of these organic elements
having low volatility at the temperatures used in the pyrolysis
process. This biochar enrichment in ash (inorganic elements) is of
the order of 1.2 to 5.1 times the value of ash present in the parent
biomass (db). The decrease in volatile matter content of the bio-
char with the increase in pyrolysis temperature is also explained as
a result of the increase in the thermochemical decomposition of
the organic fraction of biomass at higher temperatures and its
consequent release to the gas phase.41 There is also a trend for an
increase in the FC content of biochar with an increase in
temperature, and that is a result of a balance between volatile
matter and ash contents of the biochar.

The higher values of ash content in biochar were found for
pyrolysis of olive pomace (13.2 %wt. db) at a temperature of
550 °C and heating rate of 2 °C min−1 and for pyrolysis of
eucalyptus bark (10.0 %wt. db) at 550 °C and 30 °Cmin−1. These
higher values of ash in biochar from olive pomace and euca-
lyptus bark are explained by the higher ash content present in
the raw biomass (Table 1). The lowest ash content (1.1 %wt. db)
is observed in the biochar produced from eucalyptus sawdust at
350 °C and 10 °C min−1, and this can also be explained by the
lower ash content of raw biomass (Table 1).

Regarding VM content of biochar, the highest content (58.1
%wt., biochar db) is observed for biochar from pyrolysis of
eucalyptus sawdust at 350 °C and 2 °C min−1, and this can be
explained as being related to the higher VM content present in
raw biomass (Table 1). The lowest VM content (12.4 %wt., dry
biochar) is found in the biochar produced from pyrolysis of
olive pomace at 550 °C and 2 °C min−1, and this can be
explained as related to the lower VM content and higher ash
content present in raw biomass (Table 1).
eriments; (a) A,450,10; (b) G,450,10; (c) GR,450,10; (d) OP,450,10; (e)

This journal is © The Royal Society of Chemistry 2024
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Fig. 4 Biochar yield for pyrolysis of different biomass types under distinct operating conditions. Reference of experiments in the X-axis following
nomenclature in Table 2.
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Ultimate analysis (C, H, N, and O concentration) and the
LHV of some biochar samples produced are presented in Fig. 6
and 7, respectively. The selection of these specic biochar
samples aimed to provide an overview of responses under
different pyrolysis conditions, covering thermochemical
decomposition conditions from low, to intermediate, and
extreme within the range used in this work.

The C content of biochar samples is higher than 0.69 kg kg−1

dry biochar, thus fullling the European Biochar Certicate
(EBC)42 criteria on C concentration (higher than 0.50 kg organic
carbon kg−1 dry biochar) to be classied as biochar for soil
application. However, this guideline only considers the organic
Fig. 5 Proximate analysis of the biochar produced in the pyrolysis experi
in Table 2.

This journal is © The Royal Society of Chemistry 2024
carbon content and does not include the inorganic carbon in
biochar. In biochar, inorganic carbon is mostly in the form of
carbonates such as calcite.43 Therefore, the presence of calcium
in the biochar ash could be an indication of the presence of
inorganic carbon in biochar. According to the literature for
residual eucalyptus biomass, which has physico-chemical
properties similar to those of the biomass studied in this
work, the Ca concentration in the ash is very low, ranging
between 7910 and 9480 ppm wt., db.44 Therefore, even with its
enrichment in the biochar through the pyrolysis process, the Ca
concentration will continue to be very low and of low relevance
compared to the total carbon concentration in the biochar
ments. Reference of experiments in the X-axis following nomenclature

Sustainable Energy Fuels, 2024, 8, 379–396 | 385
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Fig. 6 Ultimate analysis (C, H, N, and O concentration on a dry and ash free (daf) basis) of the biochar produced by pyrolysis of different biomass
types under distinct operating conditions. Reference of experiments in the X-axis following nomenclature in Table 2.
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(more than 0.69 kg kg−1 db). Therefore, in this study, the total
carbon concentration was compared with the organic carbon
EBC guideline.

The biochar produced from pyrolysis of olive pomace at 550 °
C and 10 °C min−1 has a higher carbon content (88.3 % wt., dry
ash free basis of biochar). The biochar produced from pyrolysis
of gorse at 350 °C and 2 °C min−1 has the minimum carbon
content (72.6 %wt., dry ash free of biochar). Under the same
operating conditions of temperature (450 °C) and heating rate
(10 °C min−1), the maximum carbon content of biochar is
Fig. 7 Lower heating value of the biomass and respective biochar sample
of experiments in the X-axis following nomenclature in Table 2.

386 | Sustainable Energy Fuels, 2024, 8, 379–396
obtained for biochar produced from olive pomace and acacia
(85.7 %wt. and 85.4 %wt., dry ash free basis of biochar,
respectively), and this can be explained by the higher carbon
content of the respective raw biomass samples (Table 1). In
relation to the effect of temperature, and for the same heating
rate, no clear pattern is observed for the elemental (C, H, N, and
O) composition of biochar (Fig. 6).

The LHV of biochar was in the range from 24.2 to 30.5 MJ
kg−1 (dry biochar basis). These values surpass the range of the
LHV of raw biomass (16.7 to 19.3 MJ kg−1 of dry biomass, Table
s produced by pyrolysis under distinct operating conditions. Reference

This journal is © The Royal Society of Chemistry 2024
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Fig. 8 Bio-oil collected in the first condenser of the experimental
setup (Fig. 2) for pyrolysis of acacia (a), olive pomace (b) and eucalyptus
bark (c).
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1), primarily due to reduced oxygen content and the respective
increase in C content.45 For the same operating conditions of
temperature (450 °C) and heating rate (10 °C min−1), a higher
LHV is observed for biochar of acacia, which has a higher C and
a lower O concentration compared to the biochar obtained from
the other biomass types used.

These distinctive properties of biochar, including its ash
content, carbon composition, and high caloric value, have
signicant implications for its potential applications. The
increase in inorganic content in biochar can be particularly
relevant when considering its use as a soil amendment,
enriching the soil with essential nutrients for plant growth.
Therefore, biochar produced through pyrolysis at higher
temperatures and heating rates may be a valuable option for
enhancing agricultural practices and, consequently, soil
quality. However, it is important to note that adhering to the
guidelines of the European Biochar Certicate (EBC) requires
a comprehensive analysis, going beyond organic carbon
content, to thoroughly analyze, for example, the inorganic
constituents of biochar. This underscores the need for further
investigation in this area.

Furthermore, when biochar is incorporated into the soil, the
carbon present in its solid matrix is stored as stable organic
matter, remaining retained for extended periods. This charac-
teristic makes biochar an effective tool for carbon sequestra-
tion, playing a fundamental role in reducing carbon dioxide
(CO2) concentrations in the atmosphere.

On the other hand, biochar also presents additional attributes
relevant to energy related applications. It has high caloric values,
comparable to or even higher than that of fossil-origin coal (20.3–
30.1 MJ kg−1 (ref. 46)), high carbon content, and low levels of
nitrogen and sulfur. This offers promising prospects in the energy
sector, including heat and electricity generation. However, it's
important to acknowledge that the elevated ash content in biochar
may pose challenges in such applications, potentially resulting in
issues like slag formation and corrosion.47

Additionally, the high carbon content of char also highlights
the potential for it to be processed and converted into activated
carbons for use in other types of applications, such as energy
storage materials like electrodes, catalysts for thermochemical
processes, and adsorbents.47,48 However, other characteristics
must be analyzed according to the specic application, such as
specic surface area,47 and therefore, further analyses are
required in this context.
3.2. Yield of bio-oil

Fig. 8 shows bio-oil samples collected in impingers
(condensers) during pyrolysis experiments at 450 °C and
a heating rate of 10 °C min−1.

The inuence of pyrolysis temperature and heating rate on
the bio-oil yield is illustrated in Fig. 9.

The bio-oil yield is in the range of 0.26 and 0.59 kg kg−1 dry
biomass, slightly higher than the typical values reported in the
literature for the slow pyrolysis process.19,27,49–51 The highest bio-
oil yield (0.59 kg kg−1 dry biomass) is obtained from pyrolysis of
eucalyptus sawdust at 450 °C and 30 °C min−1, as well as at
This journal is © The Royal Society of Chemistry 2024
550 °C and 30 °C min−1, and this can be explained as a result of
the higher content of volatile matter (see section 3.4), low ash
content and low bulk density of eucalyptus sawdust. The lowest
bio-oil yield (0.26 kg kg−1 dry biomass) is observed for the
pyrolysis of giant reed at 550 °C and 2 °C min−1.

For the same heating rate, increasing the temperature
resulted in an increase (15% on average) in bio-oil yield, while at
the same temperature, increasing the heating rate resulted in
an increase (21% on average) of bio-oil yield. As already
mentioned in subsection 3.1, this can be explained by the
increased extent of primary thermochemical decomposition
reactions that promote the formation of more pyrolysis vapors.
However, the experiments conducted at a heating rate of 2 °
C min−1 showed an increase in bio-oil yield as the temperature
increased from 350 to 450 °C, followed by a decrease as the
temperature increased from 450 to 550 °C. This behavior can be
explained as a result of the longer experiment time (about 5
hours), which promoted secondary reactions between the solids
and vapors, leading to a decrease in the yield of condensable
vapors and precursors of bio-oil, and an increase in the yield of
non-condensable vapors (permanent gas).52

3.3. Yield and composition of permanent gas

The inuence of pyrolysis temperature and heating rate on the
permanent gas yield is shown in Fig. 10. The permanent gas
yield is dependent on biochar and bio-oil yield, because it is
determined by difference between the mass of biomass and the
sum of the corresponding measuredmass of biochar and bio-oil
produced, following eqn (1) and (4) in section 2.3.

The permanent gas yield is between 0.17 and 0.41 kg kg−1

dry biomass. The highest permanent gas yield (0.41 kg kg−1

dry biomass) is obtained from the pyrolysis of giant reed at
550 °C and 2 °C min−1, and the lowest value (0.17 kg kg−1 dry
Sustainable Energy Fuels, 2024, 8, 379–396 | 387
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Fig. 9 Bio-oil yield for pyrolysis of different biomass types under distinct operating conditions. Reference of experiments in the X-axis following
nomenclature in Table 2.
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biomass) was achieved in the pyrolysis of eucalyptus sawdust
at 450 °C and 30 °C min−1. For most of the experiments
conducted with acacia, gorse, giant reed, and olive pomace,
the permanent gas yield tends to increase with increasing
temperature. In most of the pyrolysis experiments with
different types of biomasses, the highest permanent gas yield
is obtained at 550 °C and 2 °C min−1, except for eucalyptus
sawdust. This phenomenon may be related to the increased
extent of secondary reactions of the vapors with solids
because of the higher reaction time under these lower heating
rate conditions as explained in subsection 3.4 and also
referred to in the literature.52

Nevertheless, the effect of temperature and heating rate
on permanent gas yield showed no clear trends and
Fig. 10 Permanent gas yield for pyrolysis of different biomass types unde
following Table 2.

388 | Sustainable Energy Fuels, 2024, 8, 379–396
depended on the biomass type. Remarkably, in the case of
residual biomass from eucalyptus, particularly in eucalyptus
sawdust (ES), behaviors of pyrolysis product yield distinct
from that of other biomass types were observed, and these
may be related to the shape of biomass particles, which can
inuence the heating rate and the mechanisms of biomass
decomposition.

The inuence of pyrolysis temperature, heating rate and
biomass type on the permanent gas composition (expressed
as %v CO2, CO, CH4, H2, C2H6, C3H8, and C2H4, on a dry
basis and inert gas free) and permanent gas LHV is shown in
Fig. 11 and 12 for some experiments where the character-
ization of permanent gas composition was made. Specic
r distinct operating conditions. Reference of experiments in the X-axis

This journal is © The Royal Society of Chemistry 2024
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Fig. 12 Lower heating value of permanent gas produced by pyrolysis
of biomass under different operating conditions. Reference of
experiments in the X-axis following nomenclature in Table 2.
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conditions were chosen to provide an overview of the effect
of pyrolysis conditions within the range used in this work.

CO2 and CO are by far the major components of perma-
nent gas, accounting for approximately 85 %v, with the
remaining gaseous species (CH4, H2, C2H6, C3H8, and C2H4)
making up less than 15 %v of the composition. With the
same heating rate and biomass type, an increase in
temperature (e.g., from 450 °C to 550 °C, reference:
ES,450,10 and ES,550,10) caused in a decrease in CO2 and an
increase in CH4 and H2 concentration in the permanent gas,
consistent with other studies.8,53,54 Conversely, maintaining
the temperature and biomass type while increasing the
heating rate (e.g., from 10 °C min−1 to 30 °C min−1, refer-
ence: ES,450,10 and ES,450,30) led to an increase in CO2 and
a decrease in CH4 concentration in the permanent gas. It's
important to note that the impact of the heating rate is less
pronounced when compared to the inuence of
temperature.

For the set of pyrolysis experiments where the permanent gas
composition was determined (Fig. 11), the LHV of that gas was in
the range of 5.4 MJ Nm−3 to 9.7 MJ Nm−3 (Fig. 12). An increase in
temperature led to an increase in the LHV (e.g., from 8.3 to 9.7 MJ
Nm−3, for experiments ES,450,10 and ES,550,10, respectively),
mainly due to an increase in the concentrations of CH4 and H2,
which represents a substantial part of the energy content of the
pyrolysis gas. The effect of the heating rate on the permanent gas
composition and LHV was only evaluated for experiments with
eucalyptus sawdust, at 450 °C and 550 °C, but no clear trend was
observed. Additionally, under the same operating conditions of
temperature (450 °C) and heating rate (10 °C min−1), a higher
LHV of permanent gas is found for the pyrolysis of giant reed due
to its higher CO and lower CO2 concentration, in comparison to
the permanent gas produced by other biomass types.

Therefore, increasing the pyrolysis temperature leads to an
improvement in the quality of the permanent gas, making it
a more suitable energy source for applications like
Fig. 11 Permanent gas composition (CO2, CO, CH4, H2, C2H4, C2H6 an
conditions. Reference of experiments in the legend follow nomenclatur

This journal is © The Royal Society of Chemistry 2024
combustion to support the pyrolysis process or other related
processes, such as biomass drying.45,55 This relationship
between temperature and a higher LHV has been observed in
several biomass pyrolysis studies,8,13 and can be explained by
the increase in temperature promoting the secondary
cracking of organic compounds into light gases, as previously
discussed in section 3.1.

3.4. Inuence of biomass composition on pyrolysis product
yield

The inuence of biomass composition, particularly the FC and
VM content, on the yields of biochar, vapors (bio-oil plus
permanent gas) and bio-oil and permanent gas separately is
shown in Fig. 13–16.

At a pyrolysis temperature of 350 °C, biomass with higher
FC content tends to result in greater biochar yield (Fig. 13).
This is because FC represents the fraction of the organic
matrix in biomass that does not thermally decompose into
gaseous products (volatiles) under inert heating conditions,
d C3H8) produced by pyrolysis of biomass under different operating
e in Table 2.

Sustainable Energy Fuels, 2024, 8, 379–396 | 389
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Fig. 14 Influence of VM content of biomass on the yield of pyrolysis
vapors (bio-oil plus permanent gas).

Fig. 15 Influence of VM content of biomass on the yield of bio-oil.
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making it the primary precursor to solid pyrolysis products
such as char or biochar.7 However, for other tested tempera-
tures, although the general trend shows increased biochar
yield with higher FC content, there's less clarity when
comparing biomass types with similar FC contents (between
12 and 17 %wt., dry biomass). Other factors, including
biomass particle size, shape, physical structure, and the
inuence of temperature on thermochemical decomposition,
may overlap and inuence the results.7

Regarding the pyrolysis vapor (bio-oil and permanent gas)
yield shown in Fig. 14, it can be observed that higher VM
content in biomass tends to promote higher vapor yield.
However, some exceptions can be observed, as for example, the
giant reed pyrolysis at 550 °C and 2 °C min−1 and 10 °C min−1,
and other reasons could be inuencing the vapor release, e.g.,
the overlap of other factors (temperature, size, shape, and
physical structure of the biomass particles), and should be
subjected to further studies.2,7

The increase in VM content in biomass appears to not have
an unequivocal relation to the bio-oil yield, and a direct or an
indirect relation can be found depending on the operating
conditions (Fig. 15). Nevertheless, for VM content above 80 %
wt. an indirect relation between VM and bio-oil yield seems to
exist for several operating conditions.

On the other hand, it can be observed that the increase in
VM content of biomass is related to an increase in permanent
gas yield (Fig. 16). The pyrolysis of eucalyptus sawdust has
a particular behavior that deviates from that of the other
biomass types, namely, producing a higher bio-oil yield and
a lower permanent gas yield when compared to biomass with
a similar VM content. The reason for this behavior must be
the subject of further studies, but perhaps is related to the
smaller particle size of these biomass samples, which facili-
tates faster heating and promotes the release of pyrolysis
vapors. These vapors are then able to escape from the particle
before undergoing secondary reactions and forming light
gases, resulting in a higher yield of bio-oil.
3.5. Effect of operating conditions on biochar composition

In this section, the effect of operating conditions on biochar
composition was analyzed, specically on the FC content, O/C
and H/C molar ratios.
Fig. 13 Influence of FC content of biomass on the yield of biochar.

390 | Sustainable Energy Fuels, 2024, 8, 379–396
Fig. 17 demonstrates the inuence of pyrolysis temperature,
with a heating rate of 10 °C min−1, on the yield and FC content
of biochar. It is clear that pyrolysis temperature strongly affects
both biochar yield and FC content. As the temperature
increases, biochar yield decreases, while the FC content of
biochar increases. This behavior is consistent across different
biomass types used (Fig. 17). The inuence of temperature on
these factors can be explained as a result of stronger thermo-
chemical decomposition of biomass with increasing tempera-
ture, indicated by a higher release of VM (primary pyrolysis
reaction) and the corresponding decrease in the mass yield of
biochar, and an increase in the concentration of FC in
biochar.7,8

The H/C and O/C molar ratios of raw biomass and the
respective biochar produced in the pyrolysis experiments are
represented in a Van Krevelen diagram in Fig. 18. These ratios
offer insights into the degree of thermochemical conversion
during dehydration and carbonization reactions. Lower H/C
and O/C ratios mean a higher degree of carbonization and
biochar stability.56,57 In fact, H/C and O/C molar ratios of bio-
char produced by pyrolysis are lower compared with those of the
original raw biomass. Furthermore, marked drops in H/C and
O/C molar ratios were observed with increasing pyrolysis
temperature, thus highlighting a higher degree of carbonization
and char stability.

The European Biochar Certicate (EBC) guidelines recom-
mend upper limits for molar H/Corg and O/Corg ratios in
This journal is © The Royal Society of Chemistry 2024
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Fig. 17 Influence of pyrolysis temperature on biochar yield and FC
content during the pyrolysis of different biomass types at 10 °C min−1

(heating rate).

Fig. 16 Influence of VM content of biomass on the yield of permanent
gas.
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biochar, which are 0.7 and 0.4, respectively, and higher values
may indicate non-pyrolytic chars.42 As mentioned in section 3.1,
these guidelines do not include the inorganic carbon in bio-
char. However, in line with the literature for similar biomass
types to those analyzed in this study, the calcium concentration
in biochar is exceedingly low, and the inorganic carbon in the
char is primarily in the form of carbonates, typically as calcite,
thus rendering its presence minimal and insignicant
compared to the substantial total carbon content of the biochar.
Thus, in this study, the H/C and O/C molar ratios were
Fig. 18 Van Krevelen diagram of biochar produced at different
pyrolysis temperatures and heating rates in comparison with the
respective biomass.

This journal is © The Royal Society of Chemistry 2024
determined considering the total carbon, and then compared
with the EBC guidelines.

Overall, the H/C and O/C molar ratios of biochars produced
from all biomass types are relatively lower than the values
indicated by the EBC guidelines, with the exception of the
biochars produced at 350 °C and 2 °C min−1, which fall outside
(with values between 0.81 and 0.88) the indicted EBC H/Corg

limits. The results observed for biochars produced at 450 °C and
10 °C min−1 and 550 °C and 10 °C min−1 indicate a high
stability of the biochar and a high degree of carbonization.
4. Summary of the results and
comparison to the literature

Throughout this study, detailed analyses were conducted on the
results obtained under the established operating conditions in
a bench-scale xed bed reactor. These analyses allowed for
a comprehensive comparison with data available in the litera-
ture from studies conducted under similar operational condi-
tions (Table 3).

In general, the results achieved in this work are in line with
the data found in the literature. However, there are some
noteworthy variations that deserve highlighting. Regarding
product yields, it is observed that the maximum biochar yield in
this study is slightly higher, while the minimum bio-oil yield is
slightly lower compared to those in the literature. Concerning
biochar composition, the maximum volatile matter content in
the biochar exceeds the values found in the literature. Addi-
tionally, the minimum xed carbon content in the biochar is
lower than the reference data. These differences can be attrib-
uted to specic operational variables, such as lower heating
rates, and the characteristics of the biomasses used.

In addition to the comparison with literature data under
similar conditions, Table 3 allows for a comparison of the
results obtained in the xed bed with other pyrolysis technol-
ogies. It is observed that the xed bed reactor demonstrates
a tendency to produce higher biochar yields and lower bio-oil
yields compared to other technologies, such as uidized bed
and spouted bed reactors. This aligns with the literature.7 These
technologies have distinct hydrodynamic behaviors and,
therefore, different operational patterns, such as the gas–solid
contact model, heating rates, and residence times.58 Fluidized
beds and spouted bed reactors allow for higher heating rates of
biomass particles and shorter gas residence times, favoring the
formation of condensable vapors (bio-oil).

Furthermore, it is noted that the spouted bed reactor stands
out for producing the highest bio-oil yields, making it a viable
alternative for obtaining this specic product. Spouted bed reac-
tors represent an alternative to uidized bed reactors for the fast
pyrolysis of biomass. They facilitate high rates of heat and mass
transfer, as well as efficient particle movement, allowing for even
shorter gas residence times than uidized bed reactors (in milli-
seconds),59 thereby reducing secondary reactions.

Based on the experimental results obtained in this study, it is
evident that the yield and characteristics of the biochar, bio-oil
and permanent gas produced during the pyrolysis of residual
Sustainable Energy Fuels, 2024, 8, 379–396 | 391
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Table 3 Comparison of the results obtained in the fixed bed reactor with other pyrolysis technologies

This work Fixed bed reactor12,14,20,60–62 Fluidized bed reactor63–66 Spouted bed reactor67,68

Operating conditions 350–550 °C; 2–30 °C min−1 300–650 °C; 3–30 °C min−1 400–500 °C 400–500 °C

Biomass composition
VM (%wt., db) 74.8–87.3 66.8–92.3 78.6–78.7 —
FC (%wt., db) 9.4–19.8 7.6–22.6 14.8–18.8 —
Ash (%wt., db) 0.8–5.4 0.4–10.8 0.3–2.6 —

Product yield
Biochar 0.22–0.47 0.22–0.40 0.13–0.21 0.18–0.22
Bio-oil 0.26–0.59 0.39–0.60 0.57–0.69 0.71–0.75
Permanent gas 0.17–0.41 0.16–0.36 0.11–0.26 0.06

Biochar composition
VM (%wt., db) 12.4–58.1 6.7–35.1 — 37.6
FC (%wt., db) 38.0–77.3 49.4–88.9 — 60.2
Ash (%wt., db) 1.11–13.19 1.1–30.3 — 2.2
C (%wt., daf) 72.6–88.3 70.0–95.2 90.0 73.3
H (%wt., daf) 2.7–5.3 1.5–3.6 1.4 3.7
N (%wt., daf) 0.4–1.8 0.6–8.3 — 0.2
O (%wt., daf) 7.8–20.9 0.6–22.6 — 20.6
LHV (MJ Nm−3) 24.2–30.5 21.4–34.9 32.2 21.6

Permanent gas composition
CO (%v) 27.7–36.9 — 42.0–46.0 41.7
CO2 (%v) 44.3–61.1 — 44.0–50.4 33.7
CH4 (%v) 2.5–11.8 — 4.8–6.5 9.3
H2 (%v) 0.6–6.9 — 0.10–2.2 10.6
LHV (MJ Nm−3) 5.4–9.7 — — —
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biomass can vary signicantly, depending on the biomass type,
process temperature, heating rate and technology. This vari-
ability must be taken into account and thoroughly evaluated to
effectively support the development and scale-up of pyrolysis for
each specic product and its application.
5. Conclusions

In this study, pyrolysis of residual forestry and agroforestry
biomass was studied in a bench-scale reactor, focusing on the
impact of pyrolysis temperature, heating rate and biomass
characteristics on the distribution and composition of biochar,
bio-oil and permanent gases.

For the experimental conditions tested (temperatures in
the range of 350 to 550 °C, and heating rates from 2 to 30 °
C min−1), biochar, bio-oil and permanent gas yields ranged
from 0.22 to 0.47, 0.26 to 0.59, and 0.17 to 0.41 kg kg−1 dry
biomass, respectively. Olive pomace pyrolysis had the higher
biochar yield, eucalyptus sawdust pyrolysis had the higher
bio-oil yield, and giant reed pyrolysis had the higher perma-
nent gas yield.

In relation to the effect of the pyrolysis temperature and
heating rate on the biochar yield and composition, an increase
in temperature and heating rate resulted in a decrease in bio-
char yield, a decrease in volatile matter content, an increase in
xed carbon content, an increase in ash content, and a decrease
in the H/C and O/C molar ratios in biochar. However, the effect
of the heating rate appears to have less impact than that of
392 | Sustainable Energy Fuels, 2024, 8, 379–396
temperature. The biochar produced at 450 °C and 10 °C min−1

and 550 °C and 10 °C min−1 meets EBC guidelines for carbon
content and H/C and O/C molar ratios, and has the potential to
be used as biochar for soil application. Furthermore, it was
observed that this biochar has the potential to enrich the soil
with nutrients due to the increased inorganic content in the
material while also showing promise for carbon sequestration.
Additionally, the LHV of biochar was between 24.2 and 30.5 MJ
kg−1 dry biochar, indicating its potential as an energy vector,
despite the high ash content that may pose challenges in certain
applications.

Regarding bio-oil, an increase in the temperature and heat-
ing rate led to an increase in bio-oil yield.

Concerning permanent gas composition, an increase in
pyrolysis temperature promotes an improvement in the
permanent gas quality, because it caused a decrease in CO2, an
increase in CH4 and H2 concentration, and, consequently, an
increase in the LHV. The higher LHV value was 9.7 MJ Nm−3,
which is interesting for use as a thermal energy source to
support the pyrolysis process.

With respect to the effect of FC and VM of raw biomass on
pyrolysis products, it is observed that higher FC content in
biomass led to higher char yield at the lowest temperature (350 °
C), but no signicant trends were observed for the higher
temperatures (450 and 550 °C), especially for similar FC
contents of the biomass. Higher VM content in biomass
appeared to lead to higher permanent gas yield, except for
eucalyptus sawdust pyrolysis.
This journal is © The Royal Society of Chemistry 2024
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This study provides valuable information to support the
development and scale-up of pyrolysis technology for the
conversion of various types of residual biomass into valuable
bioproducts. Further research is needed to analyze the inu-
ence of the operating conditions on the bio-oil composition.

Abbrevations
A

This journal
Acacia

db
 Dry basis

daf
 Dry ash free

EB
 Eucalyptus bark

ES
 Eucalyptus sawdust

FC
 Fixed carbon

G
 Gorse

GR
 Giant reed

LHV
 Lower heating value

mbm,wb
 Mass of biomass (wet basis) loaded in the reactor, kg

mbm,db
 Mass of biomass (dry basis) loaded in the reactor, kg

mbio-oil
 Mass of condensed bio-oil, kg

mbiochar
 Mass of biochar, kg

mgas
 Mass of permanent gas, kg

ƞbiochar,db
 Yield of biochar, ratio between mass of biochar and

mass of biomass on a dry basis, kgbiochar kgbiomass dry

basis
−1
ƞboil,db
 Yield of bio-oil, ratio between mass of bio-oil and
mass of biomass on a dry basis, kgbio-oil kgbiomass dry

basis
−1
ƞgas,db
 Yield of permanent gas, ratio between mass of
permanent gas and mass of biomass on a dry basis,
kggas kgbiomass dry basis

−1
NPT
 Standard pressure (1.013 × 105 Pa) and temperature
(273 K)
Nm3
 m3 referred at standard pressure (1.013 × 105 Pa)
and temperature (273 K)
OP
 Olive pomace

wb
 Wet basis

wi,bm
 Mass fraction of i chemical element, CHNSO, in

biomass, kg i kg−1 bm, db

wi,bio-oil
 Mass fraction of i chemical element, CHNSO, in bio-

oil, kg i kg−1 bm, db

wi,biochar
 Mass fraction of i chemical element, CHNSO, in

biochar, kg i kg−1 bm, db

wi,gas
 Mass fraction of i chemical element, CHNSO, in

permanent gas, kg i kg−1 bm, db

VM
 Volatile matter
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