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biochar: a critical review of
bamboo pyrolysis conditions and products with
a focus on relevance to the developing world

Elish Chambers,a Matthew Hassall,b Dominic Johnson,c Conall Mcgoran,d

Olivia Williams,e Aden Blair,f Freddie Catlowg and Basudeb Saha *h

This innovative study explores the production of biochar from the pyrolysis of bamboo, critically analysing

various pyrolysis methods with a particular focus on potential separation methods for the resulting syngas

mixture, which includes condensable (bio-oil) and non-condensable gases. The effects of pyrolysis

conditions on product yield and composition are examined, aiming to maximise biochar yield while

minimising greenhouse gas emissions. The study applies the concept of slow pyrolysis to a real-world

scenario at Elpitiya Plantation in Sri Lanka, evaluating different process options. The potential benefits of

biochar application for improving local soil health and mitigating greenhouse gas emissions are also

discussed. For the designed system, an operating temperature range of 250–300 °C was selected to

achieve a biochar production rate of 1000 kg per day, processing 2080 kg per day of bamboo feedstock.

The resulting syngas mixture is directed through a condenser operating at 90 °C, yielding 538 kg per day

of bio-oil and 918 kg per day of combustible gases, which are flared to generate 18.41 kW per day of energy.
Sustainability spotlight

This article examines the production of high-yield biochar from the pyrolysis of bamboo, offering a critical review of the various methods used, with a particular
emphasis on potential separation techniques for the resulting syngas mixture. We believe this article provides a novel perspective and a comprehensive
evaluation of bamboo biomass pyrolysis for achieving high biochar yields. It explores potential applications in the developing world while highlighting the
benets of biochar for improving local soil health and reducing greenhouse gas emissions. This aligns with the UN's Sustainable Development Goals 12, 13, and
15, promoting sustainable practices with a focus on relevance to the developing world.
1. Introduction

The production of biochar is increasingly recognised as an
effective approach for stabilising carbon, contributing to the
reduction of greenhouse gas emissions. This reduction plays
a vital role in mitigating global warming, thereby promoting
environmental sustainability for future generations. Global
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warming is a critical environmental concern and has led to
various socioeconomic problems, such as rising sea levels,
climate change, species extinction, and food insecurity.1 The
European Commission reported 2011–2020 as the warmest
decade on record, largely accelerated by intensive greenhouse
gas (GHG) emissions into the atmosphere, according to the
International Panel on Climate Change (IPCC).1–3 With the
world population set to reach 9 billion by 2050, the problem is
expected to increase without intervention.4 Scientic efforts
have been made to advance renewable energy production
methods to reduce GHG emissions, as well as in carbon capture
technologies to actively remove GHGs from the atmosphere.4,5

Developed countries, such as Norway and the United Kingdom,
are demonstrating success in the deployment of advanced
carbon capture technologies due to appropriate national poli-
cies, resources, and funding.5 Developing countries, with
reduced resource abundance, may benet from alternative,
affordable technologies.5

Biomass refers to organic materials produced from plants,
animals and microorganisms that are abundant, renewable,
and inexpensive.16 It is considered the largest available
© 2025 The Author(s). Published by the Royal Society of Chemistry
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renewable carbon source and currently supplies around 14% of
the global yearly energy consumption.7 The conventional, rst-
generation biomass includes food resources, which draw
usage constraints due to concerns surrounding food insecu-
rity.17 Non-edible biomass, second generation onwards,
includes lignocellulose (second generation), algae (third
generation), and organic wastes (fourth generation) and has
been widely reported in the literature due to favourable usage
over edible resources.17

The valorisation of biomass can be achieved via thermo-
chemical or biochemical routes to produce biofuels or other
value-added chemicals, as in Fig. 1. Thermochemical produc-
tion routes include combustion, pyrolysis, and gasication,
where combustion typically produces useful heat only whilst
pyrolysis and gasication processes promote the production of
a wide range of products including gaseous, condensable
vapours and solids.1,6,7

Green process engineering constitutes a pivotal strategy with
the potential to transform inefficient processes into sustainable
practices, thereby delivering signicant benets to the
economy, the environment, and society.8 Pyrolysis is the
thermal decomposition of biomass in the absence of oxygen
and has gained popularity in literature due to its ability to
produce a liquid bio-oil.9 It can be classied into slow, fast, and
ash pyrolysis in terms of heating rate. Slow pyrolysis favours
a high biochar yield, whilst ash conditions deliver a higher
gaseous yield.9,10 Recent publications have reported on the
production of liquid biofuels and carbon adsorbents through
Fig. 1 A schematic of the possible biomass valorisation pathways and t
permission from [MDPI Publisher], copyright [2020].

© 2025 The Author(s). Published by the Royal Society of Chemistry
the pyrolysis of non-edible feedstocks,11 and also explored the
potential of co-processing two underutilised waste streams to
yield valuable pyrolysis products.12

Increasingly, the solid biochar pyrolysis product is attract-
ing attention to literature due to its potential role in carbon
sequestration as well as applications as an enhancing soil-
enhancing agent.6,13,14 Bamboo is an excellent candidate for
carbon sequestration due to its growth rate, which enables the
sequestration of approximately four times more carbon
dioxide than average timber biomass.15 Planboo is a company
recognising the potential of biochar and biochar production in
the developing world by utilising fast-growing, invasive
bamboo on tea plantations to produce biochar through slow
pyrolysis.16

This article presents a comprehensive and critical review of
pyrolysis with a distinct focus on using bamboo biomass due to
its fast-growing rate and abundance surrounding the Elpitya
plantations. The specicity towards developing world applica-
tions presents a unique advantage of making the production of
stable carbonmore accessible. It explores potential applications
in the developing world while highlighting the benets of bio-
char for improving local soil health and reducing greenhouse
gas emissions. There is a further focus on the identication of
suitable conditions to promote biochar yield as well as the
assessment of available technologies to utilise the range of
products produced. Several techniques for the separation of
liquid and gaseous products are reviewed, with a look to onward
product use and upgrading requirements to maximise the use
heir major product (adapted from ref. 7). Reproduced from ref. 7 with

RSC Sustainability, 2025, 3, 2712–2732 | 2713
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of these products if deemed possible. Finally, the article
features a case study of the operation of bamboo pyrolysis in the
developing world to support affordable carbon sequestration
methods. This study aligns with the UN's Sustainable Devel-
opment Goals (UNSDGs) 7 (Affordable and clean energy), 12
(Responsible consumption and production) and 13 (Climate
action), promoting sustainable practices with a focus on rele-
vance to the developing world.
2. Pyrolysis

Pyrolysis is the thermochemical decomposition of organic
material at elevated temperatures in the absence of oxygen. The
word originates from Greek vocabulary, with ‘pyro’meaning re
and ‘lysis’ meaning separation into constituent parts.10 Pyrol-
ysis is distinct from normal complete combustion, which occurs
in the presence of oxygen to produce carbon dioxide and
water.9,17

The pyrolysis process is characterised by the decomposition
of polymer chains in biomass macromolecules to produce
condensable volatiles (bio-oil), non-condensable gases and
solid biochar. The liquid product also includes a viscous tar
containing compounds of a higher molecular weight than the
bio-oil.9,18 The relative quantities and compositions of each
product phase are heavily dependent on reaction conditions.18

Depending on the heating rate and reactor residence time,
pyrolysis is classied into slow, fast, and ash pyrolysis, where
slow pyrolysis favours char production whilst fast conditions
support higher bio-oil yields, desirable for the industrial
production of biofuels.19

Biomass slow pyrolysis has been utilised for thousands of
years as a method to produce charcoal from wood as well as tar
for sealing wooden boats in ancient Egypt.9 Current research is
largely focused on fast pyrolysis due to its ability to produce
a crude bio-oil which can be further upgraded to biofuel or bio-
based chemicals.10,18
Fig. 2 Primary and secondary mechanisms of the pyrolysis process (adap
Publisher], copyright [2018].
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2.1. Pyrolysis mechanism

Themechanism through which pyrolysis occurs is complex with
many reaction pathways and intermediate products possible.
The process can be largely considered as two distinct phases,
namely primary and secondary reactions, as seen in Fig. 2.20 It is
noted that both the process conditions and biomass feedstock
signicantly inuence the reaction pathway and hence the nal
product distribution.

In the primary stage, three main mechanisms are consid-
ered, which are charring, depolymerisation and
fragmentation:19,21,22

1. Charring: char is an aromatic polycyclic carbon which
results from the combination or condensation of benzene rings.

2. Depolymerisation: a dominant reaction route in which
polymer bonds within the biomass are cracked, producing
volatile molecules.

3. Fragmentation: covalent bonds within polymers and unit
monomers are ruptured to produce short-chain compounds
and incondensable gases.

Unstable primary compounds may undergo further reac-
tions, dened as secondary reactions, such as cracking or
recombination. Cracking yields lower-weight molecular
compounds whilst recombination results in the production of
heavier compounds, which may conclude with the formation of
a secondary char.19

The exact overall biomass pyrolysis mechanism is not
completely clear due to the lack of understanding of the interac-
tion between the major components of biomass, which are cellu-
lose, hemicellulose, and lignin.19,22 Specic models exist in the
literature for eachmajor component of biomass, although they are
not considered within the scope of this paper due to the sheer
volume of independent and contradicting models available.21

2.2 Types of pyrolysis

The typical operating parameters and products differ for each
classication and are shown in Table 1. Although no sharp
ted from ref. 20). Reproduced from ref. 20 with permission from [MDPI

© 2025 The Author(s). Published by the Royal Society of Chemistry

http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d4su00800f


Table 1 Typical conditions for slow, fast and flash pyrolysis10

Residence time (s) Heating rate (K s−1) Particle size (mm) Temp. (K)

Product yield (%)

Oil Char Gas

Slow 450–550 0.1–1 5–50 550–950 30 35 35
Fast 0.5–10 10–200 <1 850–1250 50 20 30
Flash <0.5 >1000 <0.2 1050–1300 75 12 13
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borders separate these dened industrial categorisations with
crossover observed in the literature.9,10

It is noted that operating conditions alone do not guarantee
product yield; biomass type, reactor design, and onward sepa-
ration techniques have a signicant impact on the nal product
quantities.

2.2.1. Slow pyrolysis. Slow pyrolysis is conducted at rela-
tively low temperatures (<500 °C) over long periods (up to
several days) with low heating rates (0.1 to 2 °C per second).
Under these conditions, char is the major product formed as
long residence times of pyrolysis products allow for repoly-
merisation and recombination reactions to occur, resulting in
longer carbon chains associated with solid forms.9

Reactors for slow pyrolysis processes are classied into kilns,
convertors, and retorts. Kilns are a traditional technology uti-
lised largely for char production alone whilst retorts and
converters are developed to recover biochar as well as other
Fig. 3 A schematic of a fast-pyrolysis fluidized bed process (adapted f
Publisher], copyright [2015].

© 2025 The Author(s). Published by the Royal Society of Chemistry
products (liquid and syngas).6 Retort systems may be designed
to support the separation of the phases to yield desired products
(such as bio-oil) or may utilise the energy contained within the
liquid and gaseous phases (via combustion) to enable the
autothermal operation of the system.6

Commercial slow-pyrolysis plants are reported less
frequently in literature, likely due to the low bio-oil yield
drawing less industrial attention. Mitsubishi Heavy Industries
(Japan) commercially operates a slow pyrolysis process of
100 tonnes per day of dried, ground wood chips, where syngas is
the desired primary product.23 A rotating kiln (operating at
400–500 °C) produces syngas and biochar which are separated
via cyclone; the syngas is combusted to power a 1400 kW steam
turbine for electricity generation, as well as provide heat for the
kiln. Biochar is recovered for onward use as a soil additive.23

2.2.2. Fast pyrolysis. Fast pyrolysis is characterised by
higher heating rates and shorter vapour residence times than
rom ref. 21). Reproduced from ref. 21 with permission from [Elsevier

RSC Sustainability, 2025, 3, 2712–2732 | 2715
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slow pyrolysis, promoting a higher bio-oil (liquid) yield. The
operating temperature range is typically 550–1250 °C, where the
required feedstock particle size is small to favour rapid escape
of volatiles and avoid further contact with hot char particles,
which may reduce liquid yield.21,24

Fast pyrolysis demands high heat and mass transfer rates in
the reaction zone, with rapid cooling of the vapour phase prod-
ucts to limit secondary reactions.25 Several reactor congurations
exist for fast pyrolysis, including ablative systems, uidized beds,
rotating cones, moving beds and vacuum systems.21,26

A schematic of a uidized bed system to produce liquid
products is shown in Fig. 3.21 Several additional technologies
are required to support the production of the pyrolysis liquid
product. Solid char residue is removed from the reactor product
stream via the application of a cyclone. A quencher unit
condenses the vapour product to form the liquid product; non-
condensable gases may be combusted for heat generation to
improve process efficiency.

Additional complexity may be introduced into the system by
the introduction of grinding and drying units pre-reactor to
ensure uniform particle properties. Despite this, fast pyrolysis
technology is used globally to produce liquid bio-oil and is
receiving increasing popularity in the biofuel and speciality
chemical sectors.10,20 The liquid bio-oil has a heating value half
that of gasoline and has the additional potential to supply
several valuable chemical commodities such as food avour-
ings, resins and fertilisers.10,27

Operational fast pyrolysis plants exist in Finland, the Neth-
erlands and Canada, with further construction ongoing in
Finland and Sweden.26,28 A summary of current operational
plants and those under construction is provided in Table 2.

2.2.3. Flash pyrolysis. Flash pyrolysis is distinct from fast
pyrolysis and is characterised by higher heating rates and
shorter vapour residence times. Heating rates of up to 2500 °C
per second may be observed, with the process reaching
completion in less than 0.5 seconds. Flash pyrolysis is charac-
terised by a typical temperature range of 400 °C to 1000 °C.9 A
smaller feedstock particle size than fast pyrolysis is necessary to
support the high heating rates.29

Flash pyrolysis is considered an advanced pyrolysis tech-
nology through which a large quantity of syngas and high-
quality bio-oil (with low water content) can be recovered.29

Despite potential advantages, the process has major technical
drawbacks, including thermal instability, the corrosive nature
of oil, solid particles in oil and a viscosity which may increase
with time due to the catalyst in biochar.10,30
Table 2 Operational fast pyrolysis plants and their fast pyrolysis bio-oil

Organisation Country Technology

Savon Voima Finland VTT uidized bed
BTG-BTL/EMPYRO (Twence) Netherlands Rotating cone
Ensyn Canada Ensyn uidized b
Ensyn/Envergent Canada Ensyn uidized b
Green Fuel Nordic Finland Rotating cone
Pyrocell Sweden Rotating cone

2716 | RSC Sustainability, 2025, 3, 2712–2732
Reactor congurations for ash pyrolysis are similar to fast
pyrolysis, with uidized beds and rotating cone designs re-
ported in the literature.19,20,24
2.3. Pyrolysis products

The products associated with bamboo and other woody
biomass pyrolysis processes can be broadly split into three
categories: biochar, bio-oil, and non-condensable gases. Bio-
char refers to a solid charcoal-like material with a signicant
carbon content, also composed of hydrogen, oxygen, and
nitrogen, with small amounts of potassium and phosphorus.31

On the other hand, bio-oil is a series of largely organic
compounds such as carboxylic acids, alcohols, and aldehydes,
which can be used to produce products such as biofuels.32 The
non-condensable gas fraction consists largely of carbon dioxide,
carbon monoxide, methane, and hydrogen, although relatively
small amounts of other light hydrocarbons may also be present.
The proportions of each fraction produced through pyrolysis
and their respective compositions vary as the process and
operating conditions are altered.33

There are many factors which affect the yield of each pyrol-
ysis product, as well as their relative compositions; slow pyrol-
ysis oen generates signicant quantities of biochar and non-
condensable gases, whilst fast pyrolysis oen generates more
bio-oil.34 Factors such as temperature, residence time, pressure,
feed conditions, and production rate all inuence the nature of
the pyrolysis products.35 It is also worth noting that although
pyrolysis can be performed in a variety of reactor congura-
tions, many of these, such as uidized bed and pressurised
systems, are complex in nature and of limited feasibility in the
developing world. For developing world applications, simple
xed bed congurations would likely prove most feasible.34

2.3.1. Temperature. In general, as the operating tempera-
ture of the pyrolysis process increases, the biochar yield rapidly
decreases because of thermal decomposition. The decomposi-
tion of the biochar fraction simultaneously results in an
increased yield of bio-oil and non-condensable gases. However,
at sufficiently high temperatures (over 500 °C), the biochar yield
remains relatively constant, as the bio-oil fraction preferentially
undergoes degradation, leading to increased production of non-
condensable gases.33 Table 3 demonstrates the impact of
temperature on the relative yield of each fraction in the pyrol-
ysis of bamboo feedstock.

Beyond yield, temperature also impacts the chemical
composition of each fraction, which can signicantly affect the
associated properties of the product. Increased temperatures
(FPBO) yield26,28

FPBO (MWth) Phase Operational

riser 30 Operational 2013
15 Operational 2015

ed riser 8 Operational 2006
ed riser 30 Commissioning —

Construction —
Construction —

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Table 3 Effect of temperature on overall product yield in bamboo
pyrolysis33

Temperature
(°C)

Biochar yield
(wt%)

Bio-oil yield
(wt%)

Gas yield
(wt%)

300 49.30 26.50 23.20
400 30.70 35.20 34.10
500 26.00 36.60 37.40
600 24.30 36.10 39.60
700 23.60 34.10 42.30

Table 4 Effect of temperature on biochar chemical composition33

Temperaturea (°C) C (wt%) H (wt%) N (wt%) S (wt%) O (wt%)

300 68.60 3.90 0.90 0.10 26.50
400 74.60 3.50 0.90 0.10 20.80
500 79.10 2.50 1.00 0.10 17.20
600 84.00 1.70 1.00 0.10 13.20
700 88.30 1.30 1.10 0.10 9.20

a Notably, as pyrolysis temperature increases, small amounts of
phosphorus and potassium are evidenced with the biochar
composition, becoming more prominent at raised temperature.31
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promote processes such as aromatisation, which increases the
stability of biochar, thus making it more suitable for carbon
sequestration, although at the compromise of overall yield.36

The impact of temperature on each product fraction is explored
in turn.

2.3.1.1 Biochar. Increased temperatures greatly alter the
chemical composition of biochar, where elevated temperatures
induce signicant increases in carbon content whilst signi-
cantly reducing the presence of oxygen and hydrogen. Nitrogen
content increases marginally with temperature, whilst literature
reporting of sulphur content differs, with some authors
reporting a largely invariant content with temperature,33 whilst
Table 5 Effect of temperature on biochar properties33

Temperature (°C) Volatile (wt%) Fixed C (wt%)

300 30.90 65.20
400 25.10 71.50
500 20.50 75.40
600 12.90 82.80
700 9.40 86.40

Table 6 Effect of temperature on bio-oil chemical composition33

Temperature (°C) C (wt%) H (wt%) N (w

300 25.50 10.20 1.90
400 29.60 9.40 2.10
500 29.70 8.90 1.90
600 29.40 8.40 2.00
700 28.50 8.40 2.00

© 2025 The Author(s). Published by the Royal Society of Chemistry
others suggest a strong correlation with temperature.37 Table 4
details the variation in the chemical composition of biochar
obtained through the pyrolysis of bamboo at different
temperatures.33

Structurally, increased temperatures result in a signicant
increase in the biochar surface area, as well as a modest
increase in energy content.33 Greater temperatures also enhance
the stability of the carbon compounds within the biochar, due
to the promotion of highly stable amorphous aromatic ring
structure formation. High stability improves biochar resistance
to physical and microbial breakdown, ensuring more effective
carbon sequestration.38 This is reected by a decreased pres-
ence of volatile matter in biochar produced at high tempera-
tures and a greater proportion of xed carbon. However, the
structural benets and stability favoured by high temperatures
are at the compromise of the overall biochar yield, which is
decreased signicantly whilst ash production increases.37 This
is reected in the analysis of biochar produced in bamboo
pyrolysis provided in Table 5.

2.3.1.2. Bio-oil. As pyrolysis temperatures increase, the
carbon and water content of the produced bio-oil increases,
whilst the hydrogen content is slightly reduced. The yield of
nitrogen and sulphur appears to be independent of tempera-
ture; however, no clear correlation is derived for oxygen
content.33 In general, bio-oil produced at relatively low
temperatures contains large quantities of highly oxygenated
polar components, the presence of which decreases as the
temperature is raised.39 The effect of temperature on the bio-oil
obtained from bamboo pyrolysis is summarised in Table 6.

2.3.1.3. Non-condensable gases. The composition of the non-
condensable gas fraction is greatly inuenced by temperature. At
low temperatures, carbon dioxide and carbon monoxide domi-
nate the gas composition. With the increasing temperature, the
carbon dioxide yield drops signicantly, whilst the yields of
carbon monoxide, hydrogen, and methane increase. Continued
temperature increase delivers a reduction in the yield of carbon
Ash (wt%) HHV (MJ kg−1) SSA (m2 g−1)

3.90 25.40 12.30
3.30 27.50 26.10
4.10 28.20 48.40
4.30 29.00 60.90
4.30 29.60 64.50

t%) S (wt%) O (wt%) Moisture (wt%)

0.10 62.40 65.20
0.10 58.90 67.90
0.10 59.30 68.30
0.10 60.20 68.60
0.10 61.00 68.90
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Table 7 Effect of temperature on the non-condensable gases33

Temperature (°C) CO2 (v%) CO (v%) CH4 (v%) H2 (v%) C2+ (v%) HHV (MJ kg−1)

300 66.70 27.30 1.60 2.90 1.50 3.60
400 47.90 36.30 6.40 8.10 1.30 6.70
500 41.30 36.40 11.80 9.20 1.30 9.10
600 37.90 33.50 12.30 14.20 2.10 10.70
700 33.40 31.80 13.70 19.80 1.30 11.90

Table 10 Effect of residence time on biochar chemical composition43

Temperature
(°C)

Residence time
(h)

Volatile
(wt%)

Fixed C
(wt%)

Ash
(wt%)

300 0.5 73.40 25.40 1.10
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monoxide, whilst the presence of hydrogen and methane
continues to climb.33 The increased production of hydrogen and
methane associated with elevated temperatures is associated
with increased breakdown of heavy and complex compounds
into lighter substances.40 In contrast, the yield of small hydro-
carbons (C2+) is largely unaffected by temperature variation, as
these molecules already exist in their smallest state.

The increased generation of combustibles such as hydrogen
and methane results in a much greater energy content in the
non-condensable gas produced at high temperatures.33 The
effect of temperature on the non-condensable gas fraction
formed from bamboo pyrolysis is outlined in Table 7.

2.3.2. Residence time. Increased residence time promotes
the breakdown of large organic structures to smaller
compounds, such as hydrogen, as well as impacts the macro-
structure of pyrolysis products, such as biochar.41 Residence
time, therefore, affects both the yield and composition of the
pyrolysis products, with Table 8 demonstrating the effect of
residence time on the overall product yield from rice straw
pyrolysis.

2.3.2.1. Biochar. The xed carbon content of biochar
formed from woody biomass increases with prolonged resi-
dence time, whilst the volatile matter within the biochar
decreases.43 Overall, increased residence time lowers the yield of
biochar whilst increasing the ash yield, although data con-
cerning ash production vary signicantly between studies.
Residence time has no clear effect on the overall chemical
composition of biochar, with varying ndings reported in the
literature. However, the biochar energy content was shown to
Table 8 Effect of residence time on product yield42

Residence time (h) Biomass (kg) Biochar (kg) Bio-oil (kg) Gas (kg)

1 25 14.30 7.50 3.00
2 25 12.50 8.00 4.30
3 25 11.70 8.50 4.80

Table 9 Effect of residence time on biochar chemical composition42

Residence time (h) C (wt%) H (wt%)

1 65.90 5.10
2 66.30 5.00
3 66.90 4.90

2718 | RSC Sustainability, 2025, 3, 2712–2732
increase consistently with residence time.42 Tables 9 and 10
summarise the impact of residence time on biochar produced
from the pyrolysis of rice straw and woody biomass,
respectively.

Interestingly, increasing residence time appears to increase
biochar-specic surface area, most likely due to the release of
volatile components forming pores. However, at excessive resi-
dence times, the phenomenon is reversed with an apparent
decrease in the biochar-specic surface area. This effect is
possibly attributed to the thermal degradation of carbon
structures, resulting in the collapse of pores.37

2.3.2.2. Bio-oil. Bio-oil yields generally increase with
extended residence times, where the chemical composition of
the bio-oil also changes. In general, the bio-oil increases in
carbon and nitrogen content, although no clear trend for
hydrogen and oxygen content is derived. The increased carbon
content increases the energy content of bio-oil.42 The effect of
residence time on bio-oil is highlighted by data collected
through rice straw pyrolysis, as shown in Table 8 and the effect
of residence time on bio-oil chemical composition is presented
in Table 11.
N (wt%) O (wt%) HHV (MJ kg−1)

3.80 25.20 17.60
3.60 24.60 18.00
3.40 23.80 18.50

300 1 64.00 34.30 1.70
300 2 54.80 43.40 1.80
300 4 47.80 50.50 1.70
300 8 38.70 59.50 1.80
300 24 36.30 62.10 1.70
600 0.5 15.90 80.30 3.80
600 1 14.40 82.30 3.60
600 2 11.10 87.50 3.20
600 4 9.00 88.70 3.00
600 8 7.30 90.30 2.40
600 24 6.20 91.40 2.40

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Table 11 Effect of residence time on bio-oil chemical composition42

Residence time (h) C (wt%) H (wt%) N (wt%) O (wt%) HHV (MJ kg−1)

1 31.80 7.30 2.00 59.00 13.30
2 32.00 7.42 2.10 58.40 13.90
3 32.30 6.67 2.20 58.90 14.00

Fig. 4 Gas stream composition time evolution at 400°. The data presented in the figure were obtained from the ref. 44.
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2.3.2.3. Non-condensable gases. The yield of the non-
condensable gas pyrolysis fraction follows a characteristic
pattern concerning residence time. Initial production is low;
however, as pyrolysis residence time progresses, the production
of the gaseous phase increases sharply to reach a maximum.
Beyond this maximum yield, the yield falls with an increasing
residence time.44

With respect to composition, as residence time increases,
the thermal cracking of heavy hydrocarbons and the relatively
slow breakdown of lignin result in signicant changes to the gas
Fig. 5 Gas stream composition time evolution at 600°. The data presen

© 2025 The Author(s). Published by the Royal Society of Chemistry
composition. At low residence times, carbon dioxide and
carbon monoxide dominate the gas stream composition prole.
However, as the residence time increases, heavy compounds
undergo slow thermal degradation mechanisms, yielding
increasing quantities of methane and hydrogen. This increase
in combustible gases increases the specic energy content of
the gas fraction.42

When an increase in residence time is combined with an
increase in temperature, the effect on the gas fraction compo-
sition is much more pronounced. The gas composition prole
ted in the figure were obtained from the ref. 44.
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Fig. 6 Gas stream composition time evolution at 800°. The data presented in the figure were obtained from the ref. 44.
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undergoes a discrete transition with increasing time at low
temperatures, whilst a more drastic transformation is observed
at high temperatures, with methane and hydrogen generation
increasing signicantly.44 This is illustrated by Fig. 4, 5 and 6,
which demonstrate the effect of residence time on the gas
stream composition for the pyrolysis of woody biomass at 400 °
C, 600 °C and 800 °C, respectively.

2.3.3. Heating rate. Increased heating rates induce
decreased biochar yields and increased formation of non-
condensable gases.45 The production of bio-oil can be
increased with the heating rate; however, the yield may decrease
without a high degree of process control.46

2.3.3.1. Biochar. As the heating rate increases, the carbon
and hydrogen content of the biochar appear to decrease, whilst
the oxygen and nitrogen content increase; sulphur content
remains unaffected by the heating rate.45 This trend can be
observed in Table 12, demonstrating biochar composition
produced through the pyrolysis of bamboo at varying heating
rates.
Table 12 Effect of heating rate on the chemical composition of
biochar45

HR (°C min−1) C (wt%) H (wt%) N (wt%) S (wt%) O (wt%)

5 88.10 1.20 1.00 0.10 9.50
10 89.70 1.20 1.10 0.10 7.90
20 87.20 1.10 1.20 0.10 10.30
30 85.90 0.90 1.20 0.10 11.90

Table 13 Effect of heating rate on the properties of biochar45

HR (°C min−1) Volatile (wt%) Fixed C (wt%)

5 6.60 88.50
10 5.30 89.80
20 4.50 89.00
30 3.30 87.60

2720 | RSC Sustainability, 2025, 3, 2712–2732
The volatile, xed carbon and energy content of biochar
tends to decrease with an increased heating rate, as opposed to
the ash content, which increases signicantly. Furthermore,
increased heating rates enhance the specic surface area of the
biochar.45 This can be seen from the data in Table 13, collected
from biochar obtained via bamboo pyrolysis.

2.3.3.2. Bio-oil. The yield of bio-oil typically increases as the
heating rate is raised,46 with an associated decrease in carbon
content and a marked increase in oxygen content. In contrast,
the heating rate has no observable trend on the quantities of
hydrogen, nitrogen, or sulphur present, as shown in the anal-
ysis of bio-oil produced by bamboo pyrolysis in Table 14.45

The pH and viscosity of bio-oil appear to increase slightly
with the heating rate. Meanwhile, the water content of bio-oil
obtained via fast pyrolysis heating rates is typically lower than
that yielded through slow pyrolysis heating rates. Moreover, the
presence of small molecule substances is greater in bio-oil
generated by slow pyrolysis, most likely due to the slow nature
of thermochemical breakdown mechanisms.45 Table 15
describes the above trends acquired through the examination of
bio-oil produced during bamboo pyrolysis.

2.3.3.3. Non-condensable gases. Heating rates appear to have
very little effect on the composition of the non-condensable gas
fraction. An increased heating rate appears to cause a slight
decrease in carbon dioxide and a minor increase in methane
yield, with no obvious effect on carbon monoxide or hydrogen
production.45 Table 16 summaries the impact of heating rate on
the non-condensable gas fraction produced in bamboo
pyrolysis.
Ash (wt%) HHV (MJ kg−1) SSA (m2 g−1)

4.90 28.00 64.30
4.90 28.30 64.80
6.50 27.80 69.60
9.20 27.30 72.60

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Table 14 Effect of heating rate on the chemical composition of bio-
oil45

HR (°C min−1) C (wt%) H (wt%) N (wt%) S (wt%) O (wt%)

5 69.30 6.10 1.60 0.30 22.70
10 67.50 6.10 1.90 0.20 24.30
20 70.40 5.80 2.00 0.30 21.50
30 65.50 6.30 1.80 0.30 26.10

Table 15 Effect of heating rate on the properties of bio-oil45

HR (°C min−1) Moisture (%) pH
Viscosity at
40 °C (mm2 s−1)

5 68.50 2.50 1.168
10 69.50 2.60 1.026
20 65.40 2.80 1.172
30 62.80 2.80 1.210

Table 16 Effect of heating rate on the composition of the non-
condensable gas fraction45

HR (°C min−1) CO2 (v%) CO (v%) CH4 (v%) H2 (v%)

5 35.70 20.10 11.90 25.10
10 33.90 22.00 10.60 27.80
20 36.10 18.20 15.10 22.60
30 33.70 22.40 12.80 24.90

Table 17 Effect of feed particle size on biochar and ash production37

Particle size (mm) Biochar yield (wt%) Ash (wt%)

1000–2000 21.60 7.90
355–500 22.90 9.60

Table 18 Effect of feed particle size on biochar composition37

Particle size (mm) C (wt%) H (wt%) N (wt%) S (wt%) O (wt%)

1000–2000 74.60 0.10 0.40 0.20 16.80
355–500 74.80 1.20 0.40 0.80 13.30
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2.3.4. Feed conditions. Pyrolysis feedstock can be pre-
treated, for example, through drying or milling. Pre-treatment
processes can signicantly inuence pyrolysis yields, frac-
tional composition, and structural characteristics. Moisture
Table 19 Effect of pre-treatment on biomass properties48

Feed Water (wt%) Volatile (wt%)

Regular 8.70 78.30
Dry treated 3.60 73.70
Wet treated 4.60 74.20

© 2025 The Author(s). Published by the Royal Society of Chemistry
reduction is a commonly employed pyrolysis pre-treatment
performed to reduce water content.46

2.3.4.1. Particle size. Utilisation of a ner feed material
results in an apparent increase of biochar yield, as well as
slightly increasing its carbon and nitrogen content. Finer feed
material is also associated with biochar with increased
hydrogen and sulphur yield. On the other hand, feedstock with
larger particle size is associated with a biochar product with
raised oxygen content and signicantly less ash.37 Increased
particle size oen leads to greater temperature gradients
through the pyrolysis material, meaning the core of the particle
is of signicantly lower temperatures than the external surface.
This is thought to support greater biochar yields, although
practical applications do not always support the theory.47 The
effect of feed particle size on the yield and properties of biochar
formed from the pyrolysis of bamboo is summarised in
Tables 17 and 18.

2.3.4.2. Moisture content and torrefaction. Many feed pre-
treatment methods target parameters such as moisture
content. Torrefaction is one such process, referring to a mild
pyrolysis step carried out in an inert atmosphere. Both dry and
wet torrefaction exist, dry torrefaction refers to a process in
which biomass is heated in an oxygen-decient environment,
whilst wet torrefaction refers to a hydrothermal process in hot
compressed water at a slightly lower temperature.

A study conducted with woody biomass demonstrates that,
compared to regular untreated feed, the moisture content of
feedstock pre-treated by torrefaction is signicantly reduced,
whilst the presence of volatile components is also slightly
reduced. On the other hand, the xed carbon content for both
pre-treated feedstocks is noticeably greater than that associated
with untreated feed. The dry pre-treated feed edges the wet pre-
treated feed in terms of xed carbon content. However, the dry
pre-treated feed produced more ash than the untreated feed,
whilst the wet pre-treated feed produced less. Both forms of pre-
treatment are known to increase the energy content per unit
mass of feed, though the dry treatment increased this energy
content to a greater extent.48 These details are condensed in
Table 19.

The chemical analysis demonstrates that the overall carbon
content of the dry-treated feed is moderately greater than the
other feedstocks, whilst the oxygen and hydrogen content was
somewhat reduced. In addition, wet-treated feed boasts
a greater presence of hydrogen, whilst both pre-treatment
methods reduce the proportion of sulphur and increase the
proportion of nitrogen.48 Therefore, such pre-treatment
methods appear to increase the quality of the biochar ob-
tained. This analysis is demonstrated in Table 20.
Fixed C (wt%) Ash (wt%) HHV (MJ kg−1)

12.60 0.40 17.40
21.90 0.80 20.70
21.00 0.20 19.10

RSC Sustainability, 2025, 3, 2712–2732 | 2721
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Table 20 Effect of pre-treatment on biomass chemical composition48

Feed C (wt%) H (wt%) N (wt%) S (wt%) O (wt%)

Regular 44.90 5.00 0.10 0.04 40.90
Dry treated 54.70 4.60 0.20 0.03 36.20
Wet treated 48.70 5.40 0.20 0.03 40.90

Table 21 Dry matter accumulation (above ground) of bamboo in
different locations of the world (adapted from ref. 56)

Species Country Age (years) Biomass (tonnes ha−1)

Bambusa bambos India 4 122
6 225
8 287
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It is documented that wet-treated feed is said to have greater
pellet ability, grindability and hydrophobicity. Overall chemical
analysis demonstrates that wet torrefaction pre-treatment
increases the abundance of oxygen-containing functional
groups. Meanwhile, dry torrefaction pre-treatment signicantly
reduces the presence of such groups and promotes
aromatization.48

3. Pyrolysis feedstock

To facilitate effective pyrolysis, an appropriate raw material
must be identied. Ideally, this material should be widely
available and have a high carbon content and porosity.
Numerous studies suggest that bamboo forms higher-quality
biochar than alternative materials; this is largely due to
bamboo's superior atmospheric carbon dioxide sequestration
when compared to other land-based plants, resulting in a high-
carbon biochar product.49 Bamboo is abundant in developing
countries, however, it is typically unused and undesired as it is
considered an invasive species due to its high growth rate.50,51 It,
therefore, presents strong potential for application as a raw
material for pyrolysis.

3.1. Benecial properties of bamboo feedstock

Bamboo is among the fastest-growing plants on Earth, with an
annual growth rate of approximately 5–12 metric tonnes per
hectare.52,53 It is, therefore, considered invasive, as it readily
occupies vast areas of land in short periods, and it would prove
benecial to remove it from farmland for use as a raw material
in the production of biochar.

Bamboo's growth rate can be attributed to a high rate of
photosynthesis, meaning that bamboo absorbs carbon dioxide
more quickly than other plants.54 Reported values for the
amount of carbon dioxide absorbed are 5.1, 12 and 17 tonnes
per hectare per year,55–57 where the mean value was determined
as 11.4 tonnes per hectare per year.

Bamboo has been found to produce more desirable biochar
than many other feedstocks. This is due to a greater accumu-
lation of carbon and nitrogen from the initial feedstock in the
biochar product, yielding a carbon content of 83.29%.49

3.2. Carbon neutrality of bamboo pyrolysis

Although biochar contains a large percentage of xed carbon
from the bamboo feedstock, greenhouse gases are also emitted
during pyrolysis, the quantities of which are dependent on the
process conditions.

An estimate for the carbon neutrality of the overall process
was calculated using available literature data. The biomass of
2722 | RSC Sustainability, 2025, 3, 2712–2732
bamboo per hectare was determined by utilising Table 21,
which shows the biomass per hectare of Bambusa bambos at
different ages.56 Bambusa bambos is a bamboo species native to
India, which has a climate similar to many developing
countries.

The relationship between bamboo age and biomass accu-
mulation was assumed to be linear, although it is worth noting
that the rate of increase in biomass would likely decline at ages
greater than those covered in this study. It is important to note
that this relationship was initially characterised as y = 36.6x −
6.2. However, as the bamboo biomass at 0 years of age would be
exactly 0 tonnes ha−1, the estimated intercept value was dis-
regarded and set to reect this.

Using this approximate relationship, the biomass of bamboo
grown in one year was estimated as shown in eqn (1) below,
where y represents the biomass of bamboo (tonnes ha−1) and x
represents the age (years).

36.6x = 36.6(1) z 36.6 tonnes ha−1 (1)

A series of calculations were then carried out to determine
the point at which the pyrolysis of bamboo to form biochar is
carbon neutral. This would further allow appropriate process
conditions to be selected to ensure that the process is carbon
negative.

It was assumed that each hectare of bamboo can remove 11.4
tonnes of atmospheric carbon dioxide per year. Using the eqn
(2) below, the quantity of carbon dioxide removed per tonne of
bamboo each year was estimated.

11:4 ðtonnes of CO2 removedÞ ha�1y�1
36:6 ðtonnes of bambooÞ ha�1

¼ 0:311ðtonnes of CO2 removedÞ ðtonnes of bambooÞ�1y�1 (2)

It was estimated that 1 tonne of bamboo can remove 0.311
tonnes of carbon dioxide from the atmosphere each year,
equating to 31.1% of the bamboo biomass. Therefore, the
process would be considered carbon-neutral if at least 31.1% of
the bamboo biomass was converted back into carbon dioxide
and released into the atmosphere. A yield greater than this
would result in a carbon-negative process.
4. Products

In the pyrolysis of bamboo biomass, three main products are
formed: a solid biochar phase and a syngas from which two
product phases can be derived. The syngas consists of
© 2025 The Author(s). Published by the Royal Society of Chemistry
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condensable organic vapours result which result in the forma-
tion of a bio-oil product and a non-condensable gaseous frac-
tion.58 As established in Section 2.3, the yields of these products
differ depending on the process conditions.
4.1. Biochar

Biochar is a highly porous, lightweight, and stable form of
carbon with a lifetime of several hundred years.59–61 Biochar
plays a key role in improving soil health in agriculture due to
its ability to retain water, regulate nitrogen leaching, and
improve microbial properties, making it an attractive alterna-
tive to standard fertilisers.59 Biochar can also be used as
a catalyst for industrial applications and as an insulation
material because of its low thermal conductivity and ability to
absorb water up to 6 times its weight.62,63 It is also an attractive
option for use in water ltration as its porosity supports the
removal of chemical, biological and physical contaminants in
an inexpensive manner. The formation of biochar from
renewable resources makes it an accessible option for low-
income communities.64

Increasingly, interest in biochar is growing due to the
attractiveness of its stability, which can lock atmospheric
carbon contained within the biomass for up to 500 years, hence
offering an attractive and affordable route for carbon seques-
tration if performed optimally.65
4.2. Bio-oil

The condensable syngas vapours developed during pyrolysis
form a crude bio-oil product when condensed. Bio-oils are
derived from the thermal cracking of plant cells and their
components; as an inherently unpredictable process, thermal
cracking results in a wide range of components observed within
crude bio-oil, although the most common components are
reportedly water, phenolic-based compounds, and acetic
acid.32,66 Specically in the pyrolysis of bamboo, light bio-oil,
bamboo vinegar and bamboo tar form distinct components of
the bio-oil fraction, with bamboo tar the densest component
and light bio-oil the least dense.
Table 22 Bio-oil separation techniques

Method Time

Slow gravity-settling method68 Very slow (3 months)

Fast gravity-settling method68 Fast (y8 hours)

Solvent fractionation46,69,70 Fast

No separation71 n/a

© 2025 The Author(s). Published by the Royal Society of Chemistry
Condensation enables the separation of crude bio-oil from
syngas, typically achieved by operating multiple condensers in
series at temperatures ranging from 90 °C to 140 °C.67 To further
isolate the crude bio-oil into distinct phases, several techniques
exist, as summarised in Table 22.

4.2.1 Bamboo tar. Bamboo tar has a harmful impact when
sprayed onto crops and soils.72 At 500 °C, a maximum of 31% of
the condensable components are classied as bamboo tar.73

Around 21.4% of bamboo tar is made up of polycyclic
aromatic hydrocarbons (PAH), which are considered carcino-
genic, and hence, minimisation of the production of this
component may be desired;74 minimisation of the tar yield can
be achieved by increasing the moisture content of the feedstock,
utilising higher operating temperatures, or increasing the
residence time.75

4.2.2 Bamboo vinegar. Bamboo vinegar can be used
successfully to improve crop productivity, plant health and
overall harvest quality.76,77 Pyroligneous acid is the most abun-
dant component within bamboo vinegar, which promotes cell
growth by catalysing the growth of several microbes as well as
enhancing enzyme activation.78 It can also be utilised as a fer-
tiliser, where it has been proven to treble the level of usable
phosphoric acid and therefore drastically reduce phosphorus
deciencies in plants.79 However, extended usage can result in
soil acidication.78 The addition of bamboo vinegar and biochar
simultaneously to soil delivers increased fertility as the biochar
provides rich inorganic nutrients and adsorbs the active acid
and phenol components from the bamboo vinegar.80

4.2.3 Light bio-oil. The crude light bio-oil requires
upgrading to allow the realisation of a high-value product,
although even aer upgrading, the light bio-oil has a signi-
cantly lower heating value than conventional fossil fuels, indi-
cating a lack of suitability as a direct fossil fuel replacement.81

Commonly, it is upgraded via a catalytic process, which acts to
reduce thermal instability, corrosivity, and the upper viscosity
limit.46,82 Post-upgrading is used in sectors such as agriculture,
water ltration, and ne chemistry, or further upgrading
processes can be applied to support the production of biofuel
with a heating value similar to fossil fuels.83
Complexity Information

Low Takes place at room temperature.
Minimal involvement is required

Medium Heating at 90 °C to reduce storage
time. Increased operating and
capital costs

Medium Use of organic and inorganic
solvents for separation. Water-
soluble components are separated
using water. Lower capital cost than
fast gravity-settling. Hazardous due
to chemicals involved (such as ethyl
acetate)

n/a Reduces capital investment,
operating costs, and process
complexity
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Table 23 Gas separation technologies

Gas Separation method Information

Carbon monoxide Pressure swing adsorption High-purity carbon monoxide, but the feed can
require pre-treatment.85,86

Carbon dioxide Scrubbing Monoethanolamine or ammonia solvent
adsorbed by solvent. Heating then separates the
carbon dioxide. High pressure and energy
intensive.87,88

Methane Cryogenic capture Liquefying carbon dioxide at low temperature.
Simple technology but with high energy and cost
requirements.89–91

Hydrogen Water–gas shi reaction Fixed bed reactor at 250–350 °C.92
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4.3 Non-condensable gases

In the pyrolysis of bamboo, the non-condensable component of
syngas predominantly consists of:58

1. Carbon monoxide.
2. Carbon dioxide.
3. Methane.
4. Hydrogen.
5. Oxygen.
The exact composition of the gas stream is dependent on the

feed composition and type of pyrolysis employed (and hence the
associated conditions) as previously dened.

Due to the presence of combustible components such as
methane and hydrogen, the gaseous stream contains a signi-
cant quantity of energy. The utilisation of the gaseous streams'
stored energy is an attractive offering, with the potential for
commercialised external sales or energy integration within the
system.

Alternatively, considering the myriad of uses of the gases as
individual components, separation may be preferable to bulk
combustion. Obtaining a pure hydrogen gas stream may be
desired given its negligible GWP impact in comparison to that
of carbon dioxide and methane, as well as the societal shi
towards a hydrogen economy.84 The separation of carbon
dioxide from the product stream, followed by the deployment of
an appropriate treatment technology, can decrease the overall
environmental impact of the process.

Potential separation technologies to isolate each of the
respective individual components from the gaseous stream are
summarised in Table 23. Consideration of economics is outside
of the scope of this review, although it is evidentially an
important consideration in the selection of an appropriate
separation method and desired end-product.

It is noted that venting of the non-condensable gases is also
possible, although non-preferable due to the direct release of
methane, which is a greenhouse gas with 25 times the global
warming potential (GWP) of carbon dioxide.90
5. Biochar production applied to the
developing world

Considering the relevance of bamboo pyrolysis and biochar
production to developing countries, a holistic image is
considered.
2724 | RSC Sustainability, 2025, 3, 2712–2732
Firstly, many tropical soils suffer from poor agricultural
productivity due to reduced organic matter and nutrient
imbalances; biochar can successfully act as a natural fertiliser to
facilitate the regeneration of imbalanced soils by acting as
a carbon sink, trapping carbon from agricultural biomass.93

Furthermore, the production of biochar can provide an afford-
able method of carbon capture, delaying the release of green-
house gases into the atmosphere. By recognising this carbon
sequestration ability, biochar can deliver economic and social
benets to developing countries, as agricultural workers can
receive carbon credits for biochar production, yielding addi-
tional income.94

Therefore, maximising the yield of biochar from pyrolysis is
an ideal opportunity for developing countries, as the technology
associated with biochar production is relatively cheap, widely
applicable, and rapidly scalable.20

5.1. Planboo and Elpitiya Plantations

The work conducted on Elpitiya Plantations, Sri Lanka, high-
lights both the potential benets of biomass pyrolysis as well as
associated improvement. Working in conjunction with Plan-
boo, a Kon-Tiki kiln was successfully created to pyrolyse inva-
sive bamboo. Biochar produced from this process is currently
utilised as fertiliser to improve local soil quality, and the syngas
is vented into the atmosphere. Farmers receive carbon credits
for their biochar production, with Planboo keen to enhance the
sustainability of the system by preventing, or optimising, syngas
release. The current intention is to are the syngas and utilise
the resulting heat to dry tea leaves on-site, minimising energy
losses as well as the release of the greenhouse gas methane.

5.2 Design options

With sustainability at the core of Planboo's aims, three process
design options were devised. Each design iteration is compared
for its advantages and disadvantages to determine the most
suitable choice for implementation on Elpitiya Plantations. To
facilitate sufficient biochar production, it was assumed that
each designed system would operate at approximately 300 °C. A
1000 kg per day production rate of biochar is used as a basis for
design. A process ow diagram for each design iteration is
presented with associated mass and energy balances.

5.2.1. Option 1: vent syngas. The rst design option is the
most simplistic, involving venting all syngas. This process route
© 2025 The Author(s). Published by the Royal Society of Chemistry
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Fig. 7 Option 1 block diagram.

Table 24 Option 1 stream compositions

Component Mass owrates (kg per day)

Component Stream 1 Stream 2 Stream 3

Biomass 2028.40 20.30
Biochar 1000.00
CO2 365.80
CO 95.30
H2 0.70
CH4 3.20
VOCs 5.60
H2O 350.50
Others 187.10
Total 2028.40 1020.30 1008.10

Fig. 9 Option 2 condensation block diagram.
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produces biochar and unpyrolysed biomass (stream 2) as well as
syngas (stream 3). Fig. 7 presents the block diagram for this
process and Table 24 contains the mass ow rates in each
stream.

5.2.2 Option 2: condense bio-oil for fractionation. The
second option presents the possibility of condensing and
separating the bio-oil into different fractions. The bio-oil can be
condensed from the syngas stream via a heat exchanger, which
brings cool water or ambient air into contact with the hot syngas
stream to allow cooling and subsequent condensation. Slow
gravity settling is proposed to separate the condensed bulk bio-
oil due to technological simplicity. If no bio-oil separation is
desired on-site, it is recommended that a buyer be identied
with the capacity and facilities to enable the upgrading of the
bulk bio-oil.

As the exact fractional composition of the bio-oil is
unknown, no specic mass balance was devised for each of the
Fig. 8 Carbon chain length distribution in bio-oil.95 Reprinted from ref.
95 with permission from [American Chemical Society Publisher],
copyright [2020].

© 2025 The Author(s). Published by the Royal Society of Chemistry
separated phases. Although Li et al. report a mass spectrometry
of similar bio-oil, which is utilised to determine the products
obtained from separation, as detailed in Fig. 8.95

A process route was devised, incorporating the condensation
of bio-oil, as displayed in Fig. 9, with associated stream
compositions in Table 25.

5.2.3. Option 3: are all syngas. A third design option
ares all syngas produced in the pyrolysis process
(condensable and non-condensable gases) through a venturi
burner, producing heat to be utilised elsewhere in the
system, such as heating the kiln or drying the tea leaves. A
venturi burner is deemed the most appropriate equipment
for application in the developing world as it requires no
electricity to run and can operate at low pressures.96 They are
also simple in structure and have minimal maintenance
requirements.97,98

Fig. 10 and Table 26 present the detailed schematic and
mass balance of this design option.

The energy recovered from this process was calculated and is
presented in Table 27.
5.3 Recommended design

The nal recommended design combines a retort kiln,
a condenser and a venturi burner, a combination of proposed
design options 2 and 3. The system is expected to process 2028
kg per day of bamboo to produce 1000 kg per day of biochar, 538
kg per day of bio-oil and approximately 18.41 kW per day of heat
from the combustion of 471 kg per day of non-condensable
syngas.

The retort kiln will be operated within a temperature range
of 250–350 °C, obtaining an approximate biochar yield ranging
from 39–65% of the feedstock mass. As discussed in Section 3,
this biochar yield is expected to ensure the carbon negativity of
the process. The residence time is selected as 8 hours, as this
was found to produce biochar containing approximately 59.5%
carbon by mass.

The syngas produced from the kiln is fed to a condenser,
using water from on-site storage tanks to reduce the tempera-
ture to 90 °C, hence condensing the bio-oil. Separated bio-oil
can, therefore, be stored and sold for further processing in
a variety of industries as appropriate. The remaining syngas is
combusted via a venturi burner to produce an additional 18.41
kW of energy per day. The integration of produced heat into the
kiln system is foreseen to reduce the quantity of rewood
required to support the pyrolysis process.
RSC Sustainability, 2025, 3, 2712–2732 | 2725
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Fig. 10 Option 3 block diagram.

Table 25 Option 2 stream compositions

Component mass owrates (kg per day)

Component Stream 1 Stream 2 Stream 3 Stream 4 Stream 5 Stream 6

Biomass 2028.40 20.30
Biochar 1000.00
CO2 365.80 365.80
CO 95.30 95.30
H2 0.70 0.70
CH4 3.20 3.20
VOCs 5.60 5.60
H2O 350.50 350.50 350.50
Others 187.10 187.10 187.10
Total 2028.40 1020.30 1008.10 470.60 537.50 537.50
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Fig. 11 shows a simple block diagram for this system and
Table 28 presents the stream compositions.

The energy balance for this system is presented in Table 29.
Table 26 Option 3 stream compositions

Component Mass owrates (kg per day)

Component Stream 1 Stream 2

Biomass 2028.40 28.30
Biochar 1000
CO2

CO
H2

CH4

VOCs
H2O
O2

N2 0 0
Other condensable 0 0
Total 2028.40 1020.30

Table 27 Option 3 enthalpy

Component Mass fraction
Enthalpy of combustion
(kJ mol−1)

CO2 0.40 0
CO 0.10 −283.00
H2 0 −285.80
CH4 0 −891.00
VOCS (C2H4–C3H10) 0.01 −1858.70
H2O 0.40 0
Others 0.20 0
Total 1 n/a

2726 | RSC Sustainability, 2025, 3, 2712–2732
6. Limitations and recommendations

Despite the valuable insights offered by this study, several
limitations have been identied. The present work solely
focuses on bamboo biomass. However, to overcome this, a study
should be carried out on other biomass available in the relevant
locations and the required comparisons made. Moreover, there
are some limitations concerning the complexity of technology
due to resources and location. However, this low-complexity
technology proves signicant in showing that with minimal
input, a highly valuable product can be produced (alongside the
Stream 3 Stream 4 Stream 5

365.80 540.70
95.30
0.70
3.20
5.60
350.50 374.20

93.90 0
0 353.30 353.30
187.10 0 187.10
1008.10 447.30 1445.40

Molecular mass
(g mol−1)

Enthalpy of combustion
(kJ kg−1)

Enthalpy
(kJ per day)

44.00 0 0
28.00 −10107.10 −962907.50
2.00 −142900.00 −102888.00
16.00 −55675.00 −177603.30
30.00 −61956.70 −347576.90
18.00 0 0
100.00 0 0
n/a n/a −1590975.70

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Fig. 11 Recommended system block diagram.
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by-products from syngas) in remote locations of the developing
world.

Although bamboo pyrolysis holds signicant promise for
sustainable biochar production, there are several limitations
that need to be addressed to improve its efficiency and practical
application.

Process optimisation challenges-the pyrolysis process is
highly sensitive to operating conditions such as temperature,
heating rate, and residence time, which signicantly impact the
yield and composition of biochar, bio-oil, and syngas. Achieving
optimal conditions requires extensive experimentation and
process control.

Energy consumption-the pyrolysis of bamboo requires
a substantial energy input, particularly for heating the reactor to
the desired temperature range. This can reduce the overall
energy efficiency of the process, especially in large-scale oper-
ations without energy recovery systems.

Syngas and bio-oil quality-the composition of syngas and
bio-oil obtained from bamboo pyrolysis varies widely, oen
Table 28 Recommended system stream compositions

Component Mass ow rates (kg per day)

Component Stream 1 Stream 2 Stre

Biomass 2028.40 20.30
Biochar 1000.00
CO2 365
CO 95
H2 0
CH4 3
VOCs 5
H2O 350
O2

N2

Others 187
Total 2028.40 1020.30 1008

Table 29 Recommended system enthalpy

Component
Mass
(kg per day)

Enthalpy of combustion
(kJ mol−1)

CO2 365.80 0.00
CO 95.30 −283.00
H2 0.70 −285.80
CH4 3.20 −891.00
VOCs 5.60 −1858.70
Total 470.60 N/A

© 2025 The Author(s). Published by the Royal Society of Chemistry
containing impurities such as tar and acidic compounds. These
by-products require further processing and upgrading to be
suitable for practical energy applications, increasing opera-
tional complexity and costs.

Feedstock variability-the chemical composition and mois-
ture content of bamboo can vary depending on species, growth
conditions, and harvest time. This variability can lead to
inconsistent pyrolysis performance, affecting product yield and
quality.

Environmental and emission concerns-while bamboo
pyrolysis aims to reduce greenhouse gas emissions, incomplete
combustion or inefficient gas handling can result in the release
of CO, NOx, and other pollutants. Proper emission control
measures are essential to minimize environmental impact.

Economic feasibility-the cost-effectiveness of bamboo
pyrolysis depends on factors such as feedstock availability,
transportation costs, and market demand for biochar and bio-
oil. In regions where bamboo is not readily accessible, the
economic viability of large-scale operations may be limited.

Limited commercial deployment-although research on
bamboo pyrolysis is advancing, large-scale commercial imple-
mentation remains limited. The lack of standardised reactor
designs, regulatory frameworks, and technological infrastruc-
ture poses challenges for widespread adoption.

Addressing these limitations through technological
advancements, process optimisation, and policy support can
enhance the viability of bamboo pyrolysis as a sustainable
biochar production method.
am 3 Stream 4 Stream 5 Stream 6

.80 365.80

.30 95.30

.70 0.70

.20 3.20

.60 5.60

.50 350.50 350.50

.10 187.10 187.10

.10 470.60 537.50 537.50

Molecular mass
(g mol−1)

Enthalpy of combustion
(kJ kg−1)

Enthalpy
(kJ per day)

44.00 0.00 0.00
28.00 −10107.10 −962907.50
2.00 −142900.00 −102888.00
16.00 −55675.00 −177603.30
30.00 −61956.70 −347576.90
N/A N/A −1590975.70
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7. Requirement for innovative
strategies and procedures to enhance
biochar production

The increasing demand for biochar as a sustainable solution for
carbon sequestration and soil enhancement calls for the
development of innovative strategies and advanced techniques
to optimise its production. Achieving higher biochar yield,
improved quality, and greater economic feasibility requires
a multidisciplinary approach that combines process optimisa-
tion, technological advancements, and sustainable resource
utilisation. The following key areas highlight opportunities for
improvement:

Process optimisation through advanced pyrolysis techniques
� Implementing catalytic pyrolysis to enhance biochar yield

while improving the quality of bio-oil and syngas.
� Developing temperature-controlled pyrolysis with real-time

monitoring to optimize reaction conditions for maximum
carbon retention.

� Exploring microwave-assisted pyrolysis as an energy-
efficient alternative to conventional thermal pyrolysis,
reducing processing time and energy consumption.

Feedstock pre-treatment and selection
� Introducing pre-drying and torrefaction techniques to reduce

feedstock moisture content and improve process efficiency.
� Utilising chemical or biological pre-treatment to modify

biomass structure, enhancing biochar yield and stability.
� Investigating the impact of feedstock blending to achieve

desired biochar properties, particularly for applications in soil
remediation and carbon sequestration.

Integration of energy recovery systems
� Implementing waste heat recovery technologies to improve

the overall energy efficiency of pyrolysis reactors.
� Enhancing syngas utilisation by upgrading it for power

generation or biofuel production, reducing energy losses.
� Developing closed-loop pyrolysis systems where syngas is

used to sustain the pyrolysis process, minimising external
energy input.

Reactor design innovations
� Advancing uidized bed and rotating kiln reactors to

improve heat distribution and process scalability.
Developing modular pyrolysis units for decentralised bio-

char production in rural and industrial applications.
� Exploring hybrid reactor systems that combine slow and

fast pyrolysis to maximise biochar yield while co-producing
valuable bio-oil.

Sustainable biochar application and product enhancement
� Functionalising biochar through chemical activation to

enhance its adsorption capacity for wastewater treatment and
soil applications.

� Developing biochar-based composites for industrial
applications, such as construction materials and energy storage
systems.

� Studying long-term eld trials to optimise biochar–soil
interactions, ensuring improved crop productivity and carbon
sequestration.
2728 | RSC Sustainability, 2025, 3, 2712–2732
Advancing biochar production through the development of
new strategies andmethodologies is crucial for increasing yield,
enhancing product quality, and promoting both environmental
and economic sustainability. The integration of innovative
pyrolysis technologies, improved reactor designs, and respon-
sible resource management can signicantly boost production
efficiency. These advancements will strengthen biochar's role in
carbon sequestration, renewable energy generation, and soil
improvement efforts on a global scale.
8. Summary and outlook

This critical review of the pyrolysis of bamboo biomass
demonstrates that there are many key factors to consider
throughout the design of a pyrolysis kiln. Many studies indicate
the important role of the process conditions, as such parame-
ters appear to inuence signicantly both the quantity and
quality of the products obtained.33 Therefore, by imposing
control over process parameters, pyrolysis operations can, in
theory, be tailored and optimised towards a specic goal.

Maximising the yield of biochar is perhaps the most obvious
form of pyrolysis optimisation. Scrutiny of available data and
studies suggests that this can be done by enforcing relatively
low temperatures across relatively short residence times.33,42

Furthermore, more specic criteria, such as enhanced biochar
carbon content, can be achieved by elevating temperatures and
prolonging residence times.43 Highly unique characteristics,
such as the specic surface area associated with biochar, can
also be increased by amplifying the temperatures and heating
rates.33,45 The ability to control such specic attributes enables
the production of biochar with optimal characteristics for
a tremendous range of desired applications, for example, as soil
fertilisers or as an effective means of carbon sequestration.
Crucially, it is not only the biochar which is inuenced by
pyrolysis conditions; the yields and compositions of the oil and
gas fractions are also greatly dependent upon such parameters.
This illustrates how a high degree of optimisation can be ach-
ieved through a relatively modest degree of process control.

Aside from process conditions, separation and further
treatment of products can also be deployed. Such methods can
be applied to the bio-oil and non-condensable gas fractions,
enabling the abstraction of valuable components. Such
methods vary enormously in terms of complexity and cost,
meaning the inclusion of such additional stages is highly
limited for applications in developing regions.

Considering each of the factors affecting the efficiency and
feasibility of biochar production in developing countries,
various potential processes were suggested for implementation.
In the case of Elpitya Plantations, simple and inexpensive
techniques are desired; therefore, aring is recommended, with
the heat produced being integrated elsewhere within the system
or surroundings.99 However, as some technology is further
developed and becomes more suitable for use in such remote
locations, the separation techniques employed will likely be
subject to change, further enhancing the environmental
benets.100
© 2025 The Author(s). Published by the Royal Society of Chemistry
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The nal recommended design incorporates a retort kiln
operating within a temperature range of 250–300 °C, processing
approximately 2028 kg per day of bamboo, producing 1000 per
day of biochar, resulting in a daily production of 1028 days of
bamboo. Moreover, a condenser is incorporated into the design
to reduce the syngas temperature to 90 °C, separating approxi-
mately 538 kg per day of bio-oil, which can be sold for further
processing. Finally, a venturi burner is included to are any
combustible components contained within the gas stream
exiting the condenser, producing 18.41 kW per day, as well as
approximately 918 kg per day of combustible gases. This system
can produce substantial quantities of biochar, which can be
applied as a fertiliser or sold for carbon credits. Furthermore,
the conguration offers an effective form of process integration,
as the heat produced from the venturi burner can be used for
the drying of tea leaves on Elpitiya Plantations. However, the
most signicant capability of this design is the high degree of
feasibility for implementation in a developing nation.

The literature highlights that biochar exhibits diverse
chemical compositions, surface functionalities, structural
characteristics, and morphologies, all of which are inuenced
by feedstock type and production parameters. This versatility
allows biochar to serve not only as an effective adsorbent in
environmental applications but also as a potential contributor
to rural economic development. Studies involving Techno-
Economic Analysis (TEA) and Life Cycle Assessment (LCA)
demonstrate that optimising process design and operational
parameters can signicantly enhance the economic viability of
biochar production. Furthermore, biochar's properties can be
tailored for specic uses, including the remediation of pollut-
ants from soil, water, and air. Activation techniques-whether
physical, chemical, or thermal-further improve its adsorption
capacity. However, future research is needed to explore novel
activation methods and understand the adsorption/desorption
dynamics. Interactions between biochar and microbial
communities in the soil also require deeper investigation,
especially in relation to nutrient cycling, mineralisation, and
pollutant breakdown. Despite its advantages, concerns remain
about potential toxic byproducts like polycyclic aromatic
hydrocarbons (PAHs) and dioxins from biochar derived from
certain biomass sources. The mechanisms behind pollutant
removal and its performance in energy storage applications,
such as supercapacitors, also need further clarication.
Advanced characterisation techniques are essential for fully
understanding and optimising biochar's multifunctional
properties.
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