
Contents lists available at ScienceDirect

Bioresource Technology

journal homepage: www.elsevier.com/locate/biortech

Co-pyrolysis of lignocellulosic and macroalgae biomasses for the production
of biochar – A review

Olugbenga Abiola Fakayodea,b, Elmuez Alsir Ahmed Aboagariba, Cunshan Zhoua,c,⁎, Haile Maa

a School of Food and Biological Engineering, Jiangsu University, Zhenjiang 212013, PR China
bDepartment of Agricultural and Food Engineering, University of Uyo, Uyo 520001, Akwa Ibom State, Nigeria
c School of Biological and Food Engineering, Chuzhou University, Chuzhou 239000, PR China

G R A P H I C A L A B S T R A C T

A R T I C L E I N F O

Keywords:
Co-pyrolysis
Biochar
Biomass feedstock
Lignocellulosic biomass
Macroalgae biomass

A B S T R A C T

Biochar properties are significantly influenced and controlled by biomass feedstock type and pyrolysis operating
conditions, and the development of multiple biochar properties for various applications has necessitated the
need for blending different feedstocks together. Co-pyrolysis as a potential technology has been proposed to
improve the overall performance of biomass pyrolysis and has proved effective in improving biochar properties.
Consequently, the combination of lignocellulosic and macroalgae biomasses has been targeted for biochar
production and improvement of biochar properties through co-pyrolysis. This paper therefore presents a critical
review of biochar production from co-pyrolysis of lignocellulosic and macroalgae biomass (CLMB). It discusses
the biomass feedstock selection, characterization, pre-processing and suitability for thermal processing; and
analyzes biochar production, characterization and reactor technologies for CLMB. Furthermore, the potential
and economic viability of biochar production system from CLMB are highlighted; and finally, the current state
and future directions of biochar production from CLMB are extensively discussed.

1. Introduction

Rapid growth in population and industrialization has led to a pro-
gressive rise in energy demand, and energy sources development has
not been able to meet up with the increasing energy consumption.
Over-reliance on fossil fuels, increase in prices, reduced availability,

stringent governmental regulations on exhaust emissions and the quest
for a cleaner environment have birthed the adoption of alternative
energy sources (Ajav et al., 1999). Conventional energy sources such as
coal, oil and natural gas have been the major supply of world energy.
However, with the looming predicted future depletion of these con-
ventional energy sources, the use of alternative energy sources has
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become crucial for the sustainability and development of the world's
economy, and for the sustainability of the environment in terms of
stable energy.

The quest for alternative energy sources has led to the utilization of
biomass for energy production. Biomass, an alternative energy source
supplies 14% of the world annual energy consumption and is the fourth
largest energy system after the conventional energy sources (Xu et al.,
2019a). Current research interests on the reduction of green house
gases (GHGs) emission through carbon sequestration and the im-
provement of food production through biochar application in the soil,
concomitantly, have furthermore stemmed worldwide interest in the
utilization of biomass for sustainable energy production and eco-
friendly environment (Kambo and Dutta, 2015).

Biomass can be utilized for energy production via several conver-
sion methods which can be biological (anaerobic digestion and fer-
mentation) or thermochemical (direct combustion, gasification, pyr-
olysis, liquefaction). However, thermochemical biomass conversion are
generally preferred to biological conversion, because of the advantages
of short reaction times and high conversion efficiency (Liu et al., 2013).
Amongst the various thermochemical methods, pyrolysis has been
particularly identified as a viable method which produces energy with
high fuel-to-feed ratios (Demirbaş, 2002). Biomass pyrolysis produces a
combination of pyrolytic oil (bio-oil), synthesis gas with differing en-
ergy values (syngas), and solid product referred to as biochar, with all
of these products having promising economic benefits.

Biochar is a carbon-rich solid which is obtained via the reductive
thermal processing and/or pyrolysis of biomass feedstocks from various
sources (Ahmad et al., 2014). It is a porous carbonaceous solid sub-
stance which possesses great aromatization and anti-decomposition
characteristics (Wang et al., 2017a); and has energy content which is
dependent on the carbon residue in the char (Callegari and Capodaglio,
2018). It is basically produced by slow pyrolysis, characterized by
lower temperature, lower heating rate and longer residence time.

Conventional pyrolysis is a relatively simple way for biochar pro-
duction; however, a single biomass feedstock approach is not promising
for the development of multiple properties of biochar used in various
applications (Table 1). This has led to the development of co-pyrolysis
technology which entails the thermal degradation of a mixture of two
or more biomass feedstocks through the generation of synergistic effects
between them, achieved through radical interactions during the reac-
tion. Generally, biochar properties such as mineral content, organic
carbon, pore structural and surface functional group characteristics are

significantly influenced and controlled by the biomass feedstock type
and pyrolysis operating conditions (Dhyani and Bhaskar, 2018; Jafri
et al., 2018). Different biomass feedstocks are characterized by different
chemical and physical properties; and these varied properties can
change the reactivity and thermal characteristics of the samples and
products formed, while the generation of synergistic interaction during
co-pyrolysis could then result in improved pyrolysis products. Co-pyr-
olysis as a potential technology has been proposed to improve the
overall performance of biomass pyrolysis by adding other biomass
feedstocks, and this technology has been shown to effectively improve
the properties of biochar (Kambo and Dutta, 2015). In addition, co-
pyrolysis technique is mostly employed as an efficient upgrading
method for bio-oil production, with biochar as a value-added by-pro-
duct (Uzoejinwa et al., 2018).

Biochars are obtained from biomasses, which are the principal raw
material source, and can either be lignocellulosic or non-lignocellulosic
biomasses. Plant and animal bioresources such as agro-industrial re-
sidues, forest-industrial residues, energy crops, and municipal solid
waste constitute lignocellulosic biomasses. Plant biomass accounts for
half of the overall lignocellulosic biomass, and the annual output of
terrestrial plants globally is about 1.7–2.0 × 1011 tons (Li et al., 2019);
therefore, it has been the most utilized biomass source. Sewage sludge,
manure, and algae constitute the non-lignocellulosic biomass. Of re-
cent, the use of aquatic biomass (microalgae and macroalgae) is gra-
dually gaining widespread interest universally, especially in regions
with sizeable water bodies. They are regarded as promising feedstock
for bioenergy production because of their high energy density, fast
growth rate, high photosynthetic capability, CO2 sequestration rate,
high oil content, strong adaptability, high potential in greenhouse gas
emissions reduction and lack of competition with lands for food (Xu
et al., 2019b; Yuan et al., 2019). However, the use of macroalgae has
been more favoured because of the huge cost of harvesting microalgae,
due to its small biomass concentration and minute cell size (Hu et al.,
2013). Considering these, the combination of lignocellulosic and mac-
roalgae biomasses has been targeted for biochar production and im-
provement of biochar properties through co-pyrolysis.

There have been several reports on biochar production from the
pyrolysis of different biomasses such as bioenergy crops (Brewer et al.,
2009), forest residues (McKendry, 2002), aquatic biomass (Ahmed
et al., 2019), animal waste (Cao and Harris, 2010), agricultural waste
(Colantoni et al., 2016), and sewage sludge (Agrafioti et al., 2013), but
only few reports have focused on biochar production from co-pyrolysis

Table 1
Various biochar applications and utilizations.

Application Purpose

Agriculture Carbon fertilizer, compost, substitute for peat in potting soil, plant protection, compensatory fertilizer for trace elements.
Silage agent, feed additive/supplement, litter additive, slurry treatment, manure composting, water treatment in fish farming.
Modifier for several soil properties such as bulk density, water holding capacity, pH, soil aggregation, nutrient availability, and organic carbon
availability, improvement of soil fertility, soil moisture retention.
Soil additive for soil remediation, soil substrates, treating pond and lake water.

Waste water treatment Active carbon filter, pre-rinsing additive, soil substrate for organic plant beds and composting toilets.
Bio-adsorbent in water treatment to remediate organic/inorganic contaminants due to its abundance of organic functional groups and inorganic
minerals.
Bio-adsorbent for effective removal of heavy metals, organic chemicals, and microbial contaminants from the aqueous system.

Drinking water treatment Micro-filters and macro-filters
Building industry Insulation, air decontamination, decontamination of earth foundations, humidity regulation, protection against electromagnetic radiation

(“electrosmog”)
Electrochemical energy storage Semiconductors, supercapacitor, battery, electrode material or template.
Biogas production Biomass additive, biogas slurry treatment
Power generation Pellets, lignite substitute, fuel for power and heat generation
Medicine Detoxification, carrier for active pharmaceutical ingredients
Industrial materials Carbon fibres, catalysts and plastics
Metallurgy Metal reduction
Exhaust filters Emissions control and room air filters
Cosmetics Soaps, skin-cream and therapeutic bath additives
Paints and colouring Food colourants, industrial paints

Adapted from Schmidt and Wilson (2012) with modifications.
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of biomasses (Huang et al., 2017; Zhu et al., 2019). Furthermore, while
the co-pyrolysis of lignocellulosic biomass with feedstocks like syn-
thetic polymers/plastics (Navarro et al., 2018), tyres (Shah et al.,
2019), coal (Wu et al., 2019), sewage and sludge (Wang et al., 2019b)
have been extensively utilized, only few works have focused on biochar
production from the co-pyrolysis of lignocellulosic and macroalgae
biomass (Wang et al., 2018c; Xu et al., 2019b). In addition, several
techniques of biochar production processes have been extensively re-
viewed such as torrefaction, pyrolysis, gasification, microwave heating
and hydrothermal processing (Tripathi et al., 2016; Zhang et al., 2019);
and while there have been reviews on biochar production from the
individual pyrolysis of lignocellulosic biomass (Chemerys and
Baltrėnaitė, 2018; Rangabhashiyam and Balasubramanian, 2019) and
macroalgae biomass (Yu et al., 2017), there is no review on the biochar
obtained from the co-pyrolysis of lignocellulosic and macroalgae bio-
mass (CLMB), which has caught the attention of these authors. Hence,
this paper presents a comprehensive and critical review of biochar
production from CLMB. It discusses the biomass feedstock selection,
characterization, pre-processing and suitability for thermal processing;
and analyzes biochar production, characterization and reactor tech-
nologies for CLMB. Furthermore, the potential and economic viability
of biochar production system from CLMB are highlighted; and finally,
the current state and future directions of biochar production from
CLMB are extensively discussed.

2. Biomass feedstock selection

Amongst the most important criteria for sustainable biomass feed-
stock selection for biochar production are abundance of feedstock,
ready availability and low cost (Jang and Kan, 2019). The choices of
lignocellulosic and macroalgae biomasses have been established in
Section 1; therefore, this review focuses on the potential of lig-
nocellulosic and macroalgae biomasses as co-feedstocks in co-pyrolysis
for biochar production.

2.1. Biomass feedstock characterization

The distinct chemical and physical properties of biomass feedstocks
for biochar production are vital during thermal conversion processes;
therefore, biomass feedstock characterization is very important before
the co-pyrolysis process. The characterization entails proximate and
ultimate analyses measurement. The proximate analysis involves the
determination of the compound contained in the sample which include
percentage moisture content, ash content, fixed carbon and volatiles,
while the ultimate analysis involves the determination of the elements
contained in the sample which include percentage of carbon, hydrogen,
oxygen, nitrogen, sulphur and their associated ratios (H/C, O/C).
Depending upon the species, biomass type, growing conditions, and
geographical location, some other elements might be present in the
biomass such as potassium, magnesium and chlorine (Tripathi et al.,
2016). The hydrogen to carbon effective ratio (H/Ceff) is the most im-
portant factor which limits biomass conversion to high grade fuels or
chemicals (Rezaei et al., 2014). Also, high oxygen content in biomass
reduces the number of CeH bonds, heating value, energy density and
thermal stability (Bach and Skreiberg, 2016; Dai et al., 2019). Table 2
shows the proximate and ultimate analyses of selected lignocellulosic
and macroalgae biomasses. Comparatively, it was observed that in most
cases, lignocellulosic biomasses have higher carbon, hydrogen, and
oxygen values; and lower nitrogen and sulphur values than the mac-
roalgae biomasses. Also, the higher heating value (HHV) of the lig-
nocellulosic biomasses is comparatively observed to be significantly
higher than that of the macroalgae biomasses. This is due to the pre-
sence of higher ash content in the macroalgae biomass (Ross et al.,
2008). The amount of carbon and hydrogen directly influence HHV,
while nitrogen and oxygen contents have an inverse relationship with
HHV. Besides the biomass specie type, seasonal variation could

significantly affect the various chemical compositions (Ross et al.,
2008).

In addition to the aforementioned proximate and ultimate analyses
components, the main components of macroalgae biomass are proteins,
carbohydrates and lipids, while the main components of lignocellulosic
biomass are lignin, cellulose and hemicellulose (Wang et al., 2018b).
The synergistic interaction of these components influence the char-
acteristics of co-pyrolysis products produced. Wang et al. (2018a) es-
tablished that product distributions were similar between different
biomass feedstocks, but varied significantly during co-pyrolysis. Ac-
cording to Xu et al. (2019b), as the organic matter of the biomass
composition converts into gas volatiles, the elements on the surface of
biochar change during the release of the gas volatiles. In addition, since
pyrolysis of biomass feedstocks usually occurs in the pores of the bio-
mass particles, the synergistic reaction causes significant changes in the
structures of the pores in the biochar particles. These changes in pore
structure consequently affect the progress of the reaction. The diverse
thermal degradation behaviour is caused by the variations found in the
structure and chemical property of the feedstocks that are associated
with their specific components. For lignocellulosic biomass, hemi-
cellulose degradation mainly occurs at 220–315 °C, while the de-
gradation of cellulose occurs at 315 to 400 °C. Because of the complex
structure of lignin, it has a slow pyrolysis rate and a wide pyrolysis
temperature range between 160 and 900 °C (Yang et al., 2007). For
macroalgae biomass, dehydration stage occurs within the temperature
range between ambient and 200 °C, followed by devolatilization stage
within the temperature range of 200–600 °C, and the decomposition of
carbonaceous solid residues which proceeds after 500 °C, but becomes
intense beyond 600 °C (Hu et al., 2013; Uzoejinwa et al., 2018). The
normal pyrolysis of macroalgae biomass is exothermic (Li et al., 2012),
while the cellulose pyrolysis of lignocellulosic biomass is endothermic,
and hemicellulose and lignin pyrolysis are exothermic (Collard and
Blin, 2014). For their interaction, many researchers have observed sy-
nergetic effects during co-pyrolysis process (Uzoejinwa et al., 2019;
Wang et al., 2015), and according to Onay and Kockar (2003), the
blending feedstock types influence the synergistic effects significantly.
Even though many macroscopic kinetic models with comprehensive
mechanism schemes have been developed, such as distributed activa-
tion energy model (DAEM), isoconversional method, detailed lumped
kinetic model, kinetic Monte Carlo model (Wang et al., 2017b; White
et al., 2011), the detailed mechanism of this synergistic effects is still
unclear as contended by some authors; and is under critical investiga-
tion due to the complicated interactions between different feedstocks
and the varying operating conditions (Abnisa and Daud, 2014; Wang
et al., 2018a).

2.2. Biomass feedstock pre-processing and suitability for thermal processing

Biochar production is dependent on several key factors, amongst
which is the pre-treatment of biomass feedstock, such as the extent of
processing parameters (principally the reaction temperature and reac-
tion time), pre-processing and post-processing requirements like drying,
cooling, sizing, shaping, and condensation amongst others (Mosier
et al., 2005). The technologies for biomass pretreatment prior to pyr-
olysis can be categorized as physical (grinding/milling, densification,
extrusion), chemical (acid, alkali and ionic liquid pretreatments, hy-
drothermal pretreatment, steam explosion, ammonia fiber expansion),
thermal (drying, torrefaction, steam explosion/liquid hot water pre-
treatment and ultrasound/microwave irradiation) and biological
(fungal, microbial consortium and enzymatic pretreatments). A com-
bination of two or more of these pretreatment methods can also be
employed. These biomass pretreatment technologies have been ex-
tensively reviewed (Dhyani and Bhaskar, 2018; Kan et al., 2016; Wang
et al., 2017b).

A basic knowledge of the different pretreatment methods facilitates
matching the best pretreatment method/combination for a specific
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biomass feedstock. While several pretreatment methods have been
studied, many more are still being developed. However, the evaluation
and comparison of pretreatment technologies are difficult because they
involve upstream and downstream processing cost, capital investment,
chemical recycling and waste treatment systems (Isahak et al., 2012).
The effectiveness of any biomass feedstock pretreatment process, as an
integrated part of an industrial system or biorefinery, requires sound
economic analysis to establish the best method suitable for a particular
biomass feedstock for an industrial process, with certain considerations
such as co-location with existing plants where inexpensive power,
steam or default treatment is available (Czajczyńska et al., 2017). In
addition, biomass availability and characteristics, capital, and low ne-
gative environmental impacts can be considered in the selection of the
best pretreatment method.

For high quality biomass, torrefaction is a viable option that is being
employed. Torrefaction has been used as pretreatment methods for both
lignocellulosic and macroalgae biomasses and significant influence on
yield and quality of pyrolysis biochar was obtained (Uemura et al.,
2015; Zhang et al., 2016). Dai et al. (2019) reported that structural
modification of lignocellulosic biomass by torrefaction pretreatment is
favourable for co-pyrolysis process; while Zhu et al. (2019) demon-
strated that torrefaction pre-treatment combined with co-pyrolysis is
effective to upgrade biochar. In both the torrefaction and co-pyrolysis
stages, positive synergistic effects on the yield of torrefied feedstocks
and biochar were observed. Torrefaction is performed within a tem-
perature range of 200–300 °C at atmospheric pressure, under an inert
atmosphere without oxygen (Chen et al., 2015). It is a thermal pre-
treatment process of biomass feedstock aimed at reducing moisture
content and superfluous volatiles through several decomposition reac-
tions. It helps to eliminate the limitations of biomass, upgrade the
quality and alter the combustion characteristics (Nhuchhen et al.,
2014). In this process, biomass is partly decomposed to produce tor-
refied char containing high carbon content (Yu et al., 2017). The
thermal treatment destructs the fibrous structure and tenacity of bio-
mass feedstock and also increases the calorific value (Isahak et al.,
2012). In addition, after torrefaction pretreatment, the biomass has
more hydrophobic characteristics which make the storage of the tor-
refied biomass more attractive. During torrefaction process, the bio-
mass partly devolatilizes, which leads to a decrease in mass. However,
the initial energy content of the torrefied biomass is generally preserved

in the solid product, making the energy density of the biomass to be
higher than the original biomass (Isahak et al., 2012).

There are different approaches for biochar production based on the
feedstock characteristics (wet or dry) and the expected properties for
varied utilizations. Biomass feedstock with moisture content> 30%
or< 30% during harvest, are referred to as wet or dry respectively
(Kambo and Dutta, 2015). While the high moisture content inherent in
wet biomass can be reduced by drying methods, this generates addi-
tional cost as the drying techniques are energy intensive, thereby de-
creasing the economic feasibility of the system (Mani et al., 2006). In
addition, high water content in biomass reduces the heating value and
the efficiency of the conversion process, while it equally increases the
storage and transportation costs, and corrosion due to water con-
densation in flue gas. Biomasses that are hygroscopic in nature absorb
moisture during storage which increases the risks of biological de-
gradation. Biomass with low bulk and energy density also increases the
storage and transportation costs and requires high feeding capacity
(Bach and Skreiberg, 2016; Dai et al., 2019). The particle size is also
very important as high energy utilization for pyrolysis is required for
wet biomass feedstocks with large particle sizes. Part of the carbon
contained in the biomass feedstock is burnt for the required energy
supply which consequently leads to low feedstock conversion to biochar
and other pyrolysis products (Kwapinski et al., 2010). High moisture
level biomass increases grinding energy, whereas, low moisture level
promotes easy and efficient grinding of the dried samples, after which
the sample is screened to a desired particle size. Biomass is a poor heat
conductor leading to a problematic heat transfer process. The feed-
stock's particle size curtails the inherent heat transfer problems which
consequently determines the pyrolysis product yields (Akhtar and
Amin, 2012). Smaller size particles lead to faster and uniform heating
during pyrolysis because they mitigate against internal heat transfer
limitations (El Hanandeh, 2013; Sharma et al., 2015). The moisture
content and particle size also determine the type of pyrolysis process to
be employed. Slow pyrolysis is suited to particle size range of 5–50 mm,
while intermediate pyrolysis can process a wide range of biomasses
with bigger particle size up to pellets and chips, and biomasses with
moisture content up to 40%. Biomasses with low moisture content
(< 10 wt%), and finely ground to a particle size range of< 1 mm are
favourable for fast pyrolysis, while particle size of< 0.2 mm is suited to
flash pyrolysis (Chang et al., 2016; Pandey et al., 2015). When the

Table 2
Compositional characteristics and ultimate analysis of selected lignocellulosic and macroalgae biomasses.

MS (%) AC (%) VM (%) FC (%) C (%) H (%) O (%) N (%) S (%) HHV (MJ/kg) Refs.

Lignocellulosic Biomass
Almond shell 8.70 2.30 79.70 4.90 54.70 7.50 37.40 0.30 0.30 20.20 Caballero et al. (1997)
Barley straw 2.69 4.38 75.64 17.28 44.83 6.25 42.43 0.93 1.18 17.95 Aqsha et al. (2017)
Banana waste 7.80 11.4 78.20 15.6 43.50 6.20 42.30 0.86 0.95 17.10 Sellin et al. (2016)
Corn stover 7.69 3.85 82.44 6.02 44.92 5.77 41.00 0.98 0.21 16.82 Cong et al. (2018)
Flax straw 4.75 1.12 74.80 19.32 46.76 6.34 43.53 1.11 1.14 18.62 Aqsha et al. (2017)
Rapeseed cake 1.50 4.90 75.50 18.10 55.00 7.80 31.10 4.70 1.40 25.40 Smets et al. (2011)
Rice husk 10.60 11.41 61.99 16.00 40.20 4.68 31.77 1.20 0.14 15.38 Yuan et al. (2019)
Sugarcane bagasse 5.40 3.10 80.20 11.30 44.86 5.87 48.97 0.24 0.06 18.00 Varma and Mondal (2017)
Walnut shell 5.43 5.00 74.00 15.57 45.32 5.54 46.17 1.12 1.81 16.68 Yildiz and Ceylan (2018)
Wheat straw 9.10 5.10 3.70 3.70 44.87 5.74 43.69 0.36 0.24 17.66 Lazdovica et al. (2017)

Macroalgae Biomass
Chorda filum 13.1 9.90 52.2 24.90 39.14 4.69 37.23 1.42 1.62 15.55 Ross et al. (2008)
Enteromorpha clathrata 6.80 28.56 53.95 10.69 29.42 3.96 21.76 7.05 2.45 12.10 Yuan et al. (2019)
Fucus serratus 11.4 18.60 45.50 24.20 33.50 4.78 34.44 2.39 1.31 16.66 Ross et al. (2008)
Fucus vesiculous 12.3 11.80 51.40 23.80 32.88 4.77 35.63 2.53 2.44 15.00 Ross et al. (2008)
Laminaria digitata 13.7 10.00 53.40 25.30 31.59 4.85 34.16 0.90 2.44 17.60 Ross et al. (2008)
Laminaria japonica 7.65 28.28 53.10 10.97 30.60 4.89 62.44 1.51 0.56 6.41 Bae et al. (2011)
Macrocyctis pyrifera 8.00 18.50 42.40 33.40 27.30 4.08 34.80 2.03 1.89 16.00 Ross et al. (2008)
Porphyra tenera 6.41 10.44 69.66 13.49 40.60 4.65 47.40 6.13 1.26 12.29 Bae et al. (2011)
Sargassum natans 10.46 29.09 48.85 11.60 25.90 5.57 24.18 3.58 1.22 8.68 Wang et al. (2013)
Undaria pinnatifida 9.50 25.84 53.62 11.04 34.01 4.99 56.95 3.34 0.71 7.68 Bae et al. (2011)

MS– Moisture, AC– Ash content, VM– Volatile matter, FC– Fixed carbon, HHV– Higher heating value.
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moisture content is air-dried, it can be reduced to acceptable levels for
thermal processing.

3. Biochar production from CLMB

The mechanisms and kinetics of pyrolysis are practically close to
that of co-pyrolysis process, apart from the synergistic reaction me-
chanisms based on the nature, compositions, interactions and blending
ratio of the feedstocks' constituents. Therefore, co-pyrolysis, like pyr-
olysis, can broadly be classified as slow or fast depending on the

operating conditions. Slow co-pyrolysis produces biochar, generally at a
lower temperature, heating rate and longer residence time, while fast
co-pyrolysis produces bio-oil, predominantly at a higher temperature,
heating rate and shorter residence time. This makes temperature and
heating rate particularly important for biochar production, with the
former supplying the heat requirement for biomass bond fragmenta-
tion. It was observed from Tables 3 and 4 that higher temperatures
produced lower yields of biochar (Uzoejinwa et al., 2019; Wang et al.,
2018b; Wang et al., 2018c). This was due to the pyrolysis primary re-
actions and the acceleration of the secondary decomposition of char to

Table 4
Comparison of the effect of processing conditions on biochar yield and ultimate analysis during co-pyrolysis of macroalgae and lignocellulosic biomasses.

Yield (%) C (%) H (%) N (%) S (%) O (%) H/C Ratio HHV (MJ/kg) Reference

EN + HU 41.82 34.66 1.25 1.68 – – 0.43 – Hu et al. (2018)
EN 46.76 22.86 1.17 2.14 – – 0.61 –
HU 34.39 47.23 1.14 0.58 – – 0.30 –
EN volatile + HU biochar at 250 °C *57 49.20 4.05 0.71 – – 0.08 – Wang et al. (2018c)
HU at 250 °C *55 50.08 3.89 0.64 – – 0.08 –
EN volatile + HU biochar at 400 °C *38 50.48 2.64 0.68 – – 0.05 –
HU at 400 °C *37 49.83 2.62 0.61 – – 0.05 –
EN volatile + HU biochar at 550 °C *30 50.4 1.79 0.59 – – 0.04 –
HU at 550 °C *28 50.22 1.86 0.58 – – 0.04 –
EN at 250 °C *67 *33 *3 *4 – – – – Wang et al. (2018b)
EN volatile + HU biochar at 250 °C *65 *34 *3 *4 – – – –
EN at 400 °C *49 *27 *2 *3 – – – –
EN volatile + HU biochar at 400 °C *52 *28 *2 *3 – – – –
EN at 550 °C *43 *25 *1 *2 – – – –
EN volatile + HU biochar at 550 °C *42 *26 *1 *2 – – – –
BA 26.27 – – – – – – 21.27 Hua and Li, 2016)
EP 30% *31 – – – – – – 22.43
EP 40% *32 – – – – – – 19.47
EP 50% *33 – – – – – – 17.57
EP 60% *34 – – – – – – 16.81
EP 70% *35 – – – – – – 15.51
EP 44.44 – – – – – – 12.74
EN Non-catalyst 46.76 – – – – – – – Wang et al. (2019a)
EN ZSM-5 44.90 – – – – – – –
EN MCM-41 48.54 – – – – – – –
HU Non-catalyst 34.39 – – – – – – –
HU ZSM-5 34.40 – – – – – – –
HU MCM-41 35.29 – – – – – – –
EN:HU 1:1 Non-catalyst 40.58 – – – – – – –
EN:HU 1:1 ZSM-5 38.10 – – – – – – –
EN:HU 1:1 MCM-41 42.38 – – – – – – –
EN:HU 1:1 ZCM-5: MCM-41 1:1 43.25 – – – – – – –
#HU:EN 0:100 39.40 52.72 4.93 5.20 – 37.15 1.12 31.60 Uzoejinwa et al. (2019)
#HU:EN 25:75 44.50 50.07 5.97 4.87 – 39.09 1.43 30.98
#HU:EN 50:50 46.50 48.06 6.59 2.51 – 42.84 1.65 29.83
#HU:EN 75:25 47.70 46.43 6.90 1.92 – 44.75 1.78 28.68
#HU:EN 100:0 47.00 45.93 6.98 1.10 – 45.99 1.82 26.88
EN *41 – – – – – – – Cao et al. (2018)
EN (Catalytic) *38 – – – – – – –
SA *43 – – – – – – –
SA (Catalytic) *37 – – – – – – –
CE *8 – – – – – – –
CE (Catalytic) *7 – – – – – – –
EN + CE *28 – – – – – – –
EN + CE (Catalytic) *27 – – – – – – –
SA + CE *30 – – – – – – –
SA + CE (Catalytic) *28 – – – – – – –
EN + HU at 250 °C *67 – – – – – – –
EN at 250 °C *65 – – – – – – – Wang et al. (2018b)
EN + HU at 400 °C *49 – – – – – – –
EN at 400 °C *52 – – – – – – –
EN + HU at 550 °C *43 – – – – – – –
EN at 550 °C *42 – – – – – – –
KBC *27 29.93 0.11 1.90 – 8.71 – – Sewu et al. (2017)
SMSBC *28 69.79 0.49 3.24 – 1.38 – –
SK10BC *28 65.38 0.52 4.49 – 1.23 – –
ESBC *32 69.39 <0.01 4.93 – 1.59 – –

*Approximately obtained from Figures.
All values to 2 decimal places.
#(Performed at heating rate of 20 °C/min and a temperature of 500 °C).
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gaseous products generation (Aysu and Sanna, 2015). At high tem-
peratures, the produced biochar during the pyrolysis reaction goes
through secondary reactions. These secondary reactions favour the
production of syngas and bio-oil at the expense of biochar. Conse-
quently, low temperature is necessary for higher biochar yield. At high
temperature, the temperature applied to the biomass feedstock can
exceed the bond cessation energy, consequently releasing the volatiles
components of the biomass which come out in liquid and gaseous forms
(Akhtar and Amin, 2012). In a similar vein, it was observed that in-
crease in the heating rate led to low biochar production (Uzoejinwa
et al., 2019). This was attributed to the rapid high molecular volatiles
removal at higher heating rates. At lower heating rates, there is no
thermal cracking of biomass, and there is less tendency for secondary
pyrolysis reactions, which leads to high production of biochar. High
heating rate aids biomass fragmentation which favours the production
of gaseous and liquid yields (Tripathi et al., 2016).

Feedstock compositions of the lignocellulosic and macroalgae bio-
masses, their blending ratio and extent of contact are crucial in estab-
lishing the synergistic effect in the co-pyrolysis process. These compo-
sitions (aforementioned in Section 2.1) determine the characteristics of
pyrolysis products produced. The feedstock blending ratio is salient in
co-pyrolysis, in distinction to normal pyrolysis, as it has been reported
to significantly influence the solid, liquid and gas distribution (Aboyade
et al., 2013). From Table 3, it was observed that increase in the amount
of macroalgae in the feedstock favours biochar production. Compara-
tively, biochar yield of the individual pyrolysis of macroalgae > co-
pyrolysis of macroalgae and lignocellulosic biomass > pyrolysis of
lignocellulosic biomass (Hu et al., 2018; Hua and Li, 2016; Uzoejinwa
et al., 2019). This, as observed by many researchers, was due to the ash
content inherent in macroalgae (Hua and Li, 2016; Uzoejinwa et al.,
2019; Wang et al., 2019a). The higher biochar yield from macroalgae in
comparison to lignocellulosic biomass has been attributed to the alkali
content in the ash which acts as catalysts for char formation (Xu et al.,
2015).

The higher heating value (HHV), also known as the gross calorific
value of the co-pyrolysis process is dependent on the biomass co-feed-
stocks. In Table 3, Hua and Li (2016) observed that the higher the
percentage of sugarcane bagasse in the co-pyrolysis with Enteromorpha
prolifera, the higher the HHV of biochar produced. However, Uzoejinwa
et al. (2019) observed that as the percentage of rice husk increased in
the co-pyrolysis with Enteromorpha prolifera, the HHV of the biochar
produced decreased. The pyrolysis of Enteromorpha prolifera alone
produced the highest biochar HHV. Even though the results from the
two studies appear contrasting, the mutual understanding was the
amount of ash contained in the biomass feedstock. In comparison, rice
husk has notably higher amount of ash than sugarcane bagasse. Hua
and Li (2016) obtained ash content of 5.45 (wt%) on dry basis for su-
garcane bagasse, while Uzoejinwa et al. (2019) obtained ash content of
11.41 (wt%) on dry basis for rice husk. While the presence of high
amounts of ash in biomass could favour biochar formation, it leads to
reduction in HHV. Maddi et al. (2011) in their study, observed that the
HHV of biochar obtained from lignocellulosic biomasses are mostly
higher than the ones obtained from macroalgae biomass, except rice
husk. This was because the ash contents of the macroalgae biomasses
considered in their study were higher than the other lignocellulosic
biomasses, except rice husk. Ash contents of 4.3, 1.5, 19.7, 25.7 and
13.3 (wt%) on dry basis were obtained for corncob, woodchips, rice
husk, Lyngbya sp. and Cladophora sp. respectively. The high ash content
in rice husk has been attributed to the presence of silica (Zaid and
Taiwo, 2008). From the foregoing, the ash content significantly influ-
ences the biochar HHV. This was consistent with the report of Yu et al.
(2017) which observed that the HHV of algal biochars is comparatively
lower than lignocellulosic biochars (which has been reported to exceed
30 MJ/kg). This was attributed to lower carbon content and higher ash
content in algal biomass. High biochar HHV values show the potential
of the biochar to be utilized as a biofuel.

The degree of the contact between the co-feedstocks is very essential
to obtaining positive synergistic effects, and this is vastly controlled by
the pyrolysis reactor type. While the fluidized bed reactor has been
employed mostly for fast pyrolysis due to its relative ease of scalability
and simple operation in comparison with other reactor types (Abnisa
and Daud, 2014), most studies on co-pyrolysis were performed using a
fixed-bed reactor (Cao et al., 2018; Hua and Li, 2016; Sewu et al.,
2017). Onay and Kockar (2003) reported that the extent of contact
between the biomass feedstock is very essential to achieve the sy-
nergistic effect and is more likely to occur when pyrolysis is carried out
in a fixed-bed reactor as compared to a fluidized-bed reactor. The fixed-
bed reactor is discussed comprehensively in Section 5.

The presence of catalyst is used to alter product distribution during
pyrolysis process. Sometimes, the biomass feedstock constituents like
ash can act as catalyst for biochar production also. However, the pre-
sence of metals in the ash of raw biomass feedstock partially eliminates
the formation of char (Tripathi et al., 2016). Various catalysts have
been studied to increase the product yield ranging from solid acid
catalysts, solid base catalysts, ionic catalysts, HZSM-5 catalyst and
aluminum silicate catalysts. Acid catalysts have been found to increase
the biochar yield; and among the acid catalysts, ZSM-5 zeolite is the
most frequently studied catalyst and considered the most efficient, due
to its unique three-dimensional microporous structure and relatively
strong Brønsted acidity (Jae et al., 2011). Recently, the utilization of a
metal (mono-metallic) or two metals (bi-metallic) has been introduced
to further improve the catalytic activities and catalysts stability (Ren
et al., 2018).

The influence of catalysts on biochar production during CLMB
showed that while some catalysts increased biochar production at the
cost of the other two phases, some decreased biochar production,
thereby enhancing the other two phases. Wang et al. (2019a) observed
that in the catalytic co-pyrolysis process, MCM-41 significantly im-
proved biochar yield, while the effect of ZSM-5 on biochar yield was
weaker comparatively. Cao et al. (2018) reported that biochar yields of
all observed treatments decreased in the presence of ZSM-5. This might
be due to the insolubility of ZSM-5 in water, which makes it difficult
while spreading uniformly. While the use of ZSM-5 catalyst is very
common in pyrolysis and co-pyrolysis studies, there have been con-
flicting results in the studies. While some studies have reported in-
creased biochar yield with the use of ZSM-5 catalyst (Smets et al., 2013;
Stefanidis et al., 2011), other studies revealed that ZSM-5 led to re-
duction in biochar yield (Wang et al., 2006; Zhang et al., 2009). In
finding a common ground, Tripathi et al. (2016) submitted that biomass
feedstocks have varied chemical compositions as well as ash and water
contents, which makes it extremely difficult to generalize the catalytic
effect on the product yield. This is because catalysts function differently
for each biomass. Considering this submission, studying the catalytic
effect on biochar production from co-pyrolysis of two or more biomass
feedstocks can be very complex. A very important point worthy of
consideration also is the mode of catalyst application in pyrolysis which
can be in-situ or ex-situ mode. In the former, catalyst is mixed with
feedstocks and placed in the pyrolysis reactor, whereas, in the latter,
catalyst is situated in a different reactor, positioned downstream of
pyrolysis reactor (Muneer et al., 2019). For in-situ mode, since the
catalysts are thoroughly mixed with the feedstocks, they interfere with
the pyrolysis and cracking processes of the biomass feedstock at an
earlier stage. This could increase the decomposition of larger pyrolysis
fragments and decrease the secondary char formation. For the ex-situ
mode however, since the catalyst is separate from the feedstocks, the
char formed in the pyrolysis process can be simply separated and col-
lected as a potential valuable solid product (Luo and Resende, 2016).

4. Biochar characterization

Biochar characterization is classified as physical or chemical.
Physical characterization includes determination of moisture content,
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ash content, bulk density, particle size distribution, pore volume, SEM/
TEM and X-ray absorption near-edge structure; while chemical char-
acterization includes determination of elemental analysis, pH mea-
surement, gas chromatography, FTIR/FTIS, X-ray photoelectron spec-
troscopy (XPS), BET, CEC analysis C-NMR, Boehm titration and zeta
potential of biochar colloids (Nartey and Zhao, 2014). The purpose of
elemental analysis is for the determination of the degree of aromaticity,
polarity and maturation (Lehmann et al., 2006). The elemental analysis
components for biochar characterization are the same as for feedstock
characterization; however, there is significant difference in their values.
Feedstock blending (Hu et al., 2018; Sewu et al., 2017), temperature
(Wang et al., 2018b), and percentage feedstock in co-pyrolysis (Hua
and Li, 2016) have been established to have significant effects on the
characterization of biochar obtained from CLMB (Table 4). The SEM
and pore structure analyses are used in the morphological changes
detection on the solid residue when bio-macromolecules are trans-
formed into small molecules and several pores, which are formed and
distributed on the biochar surface (Chen et al., 2008); while BET is used
in the determination of the surface area, pore structures, average pore
diameter, pore volume, and average pores of biochar produced (Ghani
et al., 2013). XPS is a sensitive quantitative spectroscopic technique
utilized in material surface chemistry to show the surface compositions
and binding interactions in it (Zhang and Cresswell, 2016), while FTIR/
FTIS determines the various changes that occur in biochar preparations
and the variations in the chemical functional groups existing in the
original biochar due to dehydration, pyrolysis, graphene nucleation,
and carbonization (Lee et al., 2010; Nartey and Zhao, 2014).

Hu et al. (2018) reported a significant change in the FTIR analysis of
biochar from the co-pyrolysis of Enteromorpha clathrata and rice husk
and discovered that there was no CeH bond from the rupture of CeH
bond in hydroxyl group. No signals of aromatic ring frame vibration
and CeH bending vibration were detected, which implied that there
was no aromatization in the produced biochar. During the co-pyrolysis
of Enteromorpha clathrate volatiles and rice husk biochar, Wang et al.
(2018c) established that the interactive effect caused polycondensation
reaction which led to the formation of aromatic compounds. Further-
more, Enteromorpha clathrate volatiles accelerated the fragmentation of
some glycosidic bonds and pyranose rings in rice husk residual cellulose
and hemicellulose, thereby strengthening the formation of aromatic
compounds. The XPS spectra revealed significant removal of oxygen
functional groups in the rice husk biochar by the free radicals of En-
teromorpha clathrate volatiles. Wang et al. (2018c) in the same study,
determined the morphological characteristics and fractal dimensions of
the biochar produced and observed an insignificant changes in the
surface morphology of the residue at 550 °C as the fractal dimension
was almost the same. Nonetheless, during co-pyrolysis, a decrease in
the specific surface area was observed. A closure of some micropores
(< 2 nm) and mesopores (2–50 nm) was observed for the biochar
produced at 550 °C, caused by organic compounds deposition after
interaction with Enteromorpha clathrate volatiles. Xu et al. (2019b) used
XPS to analyze the surface functional groups of the biochar obtained
from the co-pyrolysis of Enteromorpha clathrate and rice husk. Analyses
of the carbon-containing, oxygenated and nitrogen-containing func-
tional groups were carried out. For the carbon-containing functional
group, four major types of carbon were identified viz. CeCeCeH, CeO,
CeO and COOe (in ascending order of bond energy); while for the
oxygenated functional group, four peaks were identified viz. eOH,
CeO, CeOeC and COOe (in ascending order of bond energy); and for
the nitrogen-containing functional group, three main peaks were ob-
served namely pyridine nitrogen, protein nitrogen and ammonium salt
nitrogen (in ascending order of bond energy), with protein nitrogen
being the dominant because Enteromorpha clathrate cells consists of
numerous proteins. Rice husk addition prevented nitrogenous sub-
stances release at low temperatures (< 190 °C), and favours the pyr-
olysis of the aliphatic CeO functional groups at medium temperature
range. Also, aromatic compounds were generated by the cleavage of

ether bonds of some water-soluble polysaccharides at 320–550 °C. In
the same study, the SEM analysis revealed that as the temperature in-
creased, the pores on the biochar surface appeared to collapse and melt.
Mesopores and macropores were found on the pore structure of the
biochar surface at the end of the reaction, caused by the further poly-
condensation of the CeH and CeO bonds in the biochar. In another
study by Wang et al. (2019a) on the co-pyrolysis of Enteromorpha cla-
thrata and rice husk, the XPS analysis of the carbon-containing and
nitrogen-containing functional groups showed that the carbon spectrum
of biochar comprises of four peaks which are aliphatic carbon CeC/
C]C/CeH groups, CeO/CeOeC groups in alcohol, ether groups, C]O
groups in carbonyl groups and COOe groups in carboxyl and/or ester
groups (in ascending order of bond energy). For the nitrogen-containing
functional group, three main peaks were discovered namely pyridine
nitrogen, protein nitrogen and ammonium salt nitrogen (in ascending
order of bond energy). Hua and Li (2016) studied the functional char-
acteristics of biochar and observed that the stretching vibration ab-
sorption peaks of CeH disappeared during the co-pyrolysis of sugarcane
bagasse with Enteromorpha prolifera at feedstock ratio of 50/50. De-
composition of aliphatic hydrocarbon occurred due to the CeH bonds
of alkyls which causes the rise of some hydrocarbon gases, such as
methane and ethane. There was increase in the infrared absorbance of
CeO and the stretching vibration absorption peaks of CeH aromatic,
which was attributed to aromatic hydrocarbons formation at feedstock
ratio of 50/50.

These aforementioned studies showed the morphological and sur-
face compositional changes in the biochar produced from CLMB which
are important in the various utilizations of the biochar in different
applications.

5. Biochar reactor technologies for CLMB

The choice of a particular pyrolysis reactor technology over other
reactors is basically dependent on the intended final products (biochar,
bio-oil or syngas). Many reactors are available for co-pyrolysis which
include fixed bed, fluidized bed, circulating fluidized bed, rotating
cone, ablative pyrolysis, entrained flow, auger, pyros and plasma pyr-
olysis reactors, amongst others. An overview of the various reactor
types used in pyrolysis process has been presented in other studies
(Czajczyńska et al., 2017; Dhyani and Bhaskar, 2018; Isahak et al.,
2012). Each of the reactors has their various advantages and dis-
advantages in operation and scaling. For the CLMB, the fixed bed
pyrolysis reactor was the most utilized (Table 3).

The fixed bed pyrolysis reactor system basically consists of a fixed
bed reactor, a liquid condenser, liquid collectors and a biomass source
heater. The fixed bed reactor is maintained at the desired temperature,
depending on the type of pyrolysis (slow, intermediate, fast or flash)
and at an apparent vapour residence time. Heat is supplied to the re-
actor through the pre-heater in order to maintain the desired tem-
perature in the reactor. Nitrogen gas is the most commonly used carrier
gas throughout the system to create an inert atmosphere inside the
reactor (Table 3). This is due to its easy availability, cost-effectiveness
and inert behaviour. Nitrogen is utilized as a purging agent for the
vapour generated during co-pyrolysis to prevent the vapour from taking
part in the secondary reactions which significantly affect the compo-
sition and nature of the co-pyrolysis products. A nitrogen gas pressure
regulator is used to control and regulate the gas pressure from the cy-
linder. The outlet gauge is set at atmospheric pressure, while a nitrogen
gas flow-meter with a variable control valve is used to control and
measure the gas flow rate. Different nitrogen gas flow rates have been
used ranging mostly from 50 to 200 ml/min during the pyrolysis op-
eration (Table 3). Water cooled condenser is used for the rapid cooling
of condensable pyrolysis vapour in the reactor to be condensed into
liquid product. Liquid collectors are positioned in the system for addi-
tional condensation of the vapour (in order to be ice-cooled), while the
non-condensable gases are flared into the atmosphere. Fig. 1 shows a
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schematic of a typical fixed bed reactor.
New findings have suggested auger reactors to be a more versatile

and attractive option for the co-pyrolysis of several biomass feedstocks;
and this is being utilized presently in pyrolysis studies (Lazdovica et al.,
2017; Martínez et al., 2014). Auger/screw reactors can easily vary and
control feedstocks rate and have the capability to produce liquid, gas-
eous and solid products at slow, intermediate and fast conditions, which
is not achievable using any other technology (Campuzano et al., 2019).
They are characterized by simple construction and operation, little or
no carrier gas, low energy consumption and easier control of the re-
sidence time of biomass in the heated zone through the adjustment of
the speed of rotation of the screw or the flight-pitch (Brassard et al.,
2017). Fig. 2 shows a schematic of a semi-continuous pilot screw re-
actor.

A search of literature revealed that the auger reactor has not been
utilized for co-pyrolysis studies at present. However, with the various
advantages of the reactor, it is expected to gain considerable attention
sooner, as research on co-pyrolysis continues.

6. Potential and economic viability of biochar production system
from CLMB

Co-pyrolysis process offers simplicity in design and operation which
makes the technology so important in the biomass energy industry
development. However, before this method can be fully integrated, the
economic feasibility needs to be considered and this can be achieved by
evaluating the net present value. The economic assessment of biochar
production from lignocellulosic biomass using pyrolysis method has
been reported (Giwa et al., 2019; Ji et al., 2018). However, since co-
pyrolysis process is a relatively new technology, to the best of the au-
thors' knowledge, there is no report on the economic feasibility of
biochar production from the process; more so, from the CLMB, espe-
cially on a large industrial scale. The economic feasibility of co-

pyrolysis is very similar to that of pyrolysis, with the basic difference
being the combination of feedstocks involved in co-pyrolysis. This has
significant effects on the energy value generated in the process, pro-
duction and collection costs of the feedstock, transportation cost for
both the feedstock and the biochar product, capital cost of feedstock
processing, total operating costs for feedstock processing, and the bio-
char value. For CLMB, the extra costs of drying and handling macro-
algae is taken into consideration as it substantially increases the costs.

The economic feasibility of biochar production is a bit complex, as it
is influenced by several factors which include valuable energy product
yield, cost of biochar application, important GHG offsets obtained via
offsetting fossil fuels, emissions reduction from agricultural input uti-
lization and sequestering carbon, and cost of remaining value added
chemicals (Roberts et al., 2009). The economic costs and benefits
components are the feedstock production and collection, feedstock
hauling, feedstock storage and pre-processing, feedstock processing, co-
pyrolysis operation, energy sales, and biochar hauling and application.
The costs of biomass feedstock production and collection also include
costs of assembly, harvesting, collection and compaction (Caputo et al.,
2005).

The operating cost of pyrolysis plant includes biomass preparation
cost (reception, drying, comminution, storage and feeding), cost of
pyrolysis process (slow or fast) to produce bio-oil, biochar and syngas,
and cost of electricity generation. The production economy analyses
take into consideration the total investment cost, total revenue, total
fixed cost, total variable cost, total cost, break-even-point, net present
value, benefit/cost ratio, payback period, internal rate of return, and
return on investment (Harsono et al., 2013).

The net profit (NP) of the biochar production system is obtained
using the method described by Roberts et al. (2009):

= + − − − − −NP BC E F T O C A

BC is the biochar value, E is the energy value generated in the
process, F is the production and collection costs of the feedstock, T is

Fig. 1. Schematic of a typical fixed bed reactor. Source: (Kanaujia et al., 2016).
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the transportation cost for both the feedstock and the biochar product,
C is the capital cost of feedstock processing, O is the total operating
costs for feedstock processing, and A is the biochar application cost to
the field.

It is noteworthy to know that the identification of high value ap-
plications of the remaining co-pyrolysis products will greatly improve
the economics of biochar production. Since co-pyrolysis yields three
basic products, it is assumed that bio-oil can be further processed to
higher quality fuels for electricity generation or refined for chemical
feedstock production, while the pyrolysis gas can be used for process
heat.

7. Current state and future directions of biochar production from
CLMB

Co-pyrolysis of biomass feedstocks is a developing technology that is
being keenly explored at present, most especially for bio-oil upgrading.
However, as biochar is a product of co-pyrolysis, considerable attention
should be given to it considering the various benefits derived from its
utilization, which can help offset a possible poor return on co-pyrolysis
investments. Table 3 shows the studies on biochar production from the
CLMB. It was observed that more than half of the works focused on rice
husk and Enteromorpha spp. According to a review by Guedes et al.
(2018), rice husk had the highest contributions in the database of
biomasses utilized for pyrolysis. The annual output of terrestrial plants
globally has been estimated to be about 1.7–2.0 × 1011 tons, and plant
biomass accounts for half of the overall lignocellulosic biomass (Li
et al., 2019); hence, the influence of other biomass types for co-pyr-
olysis cannot be downplayed and is a non-exhausting topic which
should be significantly explored. It was observed that location and
availability were crucial in the selection of macroalgae by the various

researchers. Goyal et al. (2008) reported that during the late spring and
the early summer of 2008, Enteromorpha prolifera, a massive green
macroalgae bloom broke out in the Yellow Sea in China. The bloom
attracted worldwide attention as it flowed to the coast of Qingdao, one
of the 2008 Summer Olympic Games' host cities for the sailing com-
petition. Macroalgae are taxonomically classified as green, red and
brown algae, according to the thallus colour derived from natural
pigments and chlorophylls (Jung et al., 2013); and the differences in the
carbohydrates (polysaccharide and monosaccharide) and other con-
stituents of the various macroalgae classifications have varying influ-
ences on the characteristics of biochar produced. The effect of macro-
algae growth rate on biochar production from the CLMB has not been
studied yet. Variations in the growth rate cause significant differences
in the percentages of carbohydrates, proteins and lipids during the
growth cycle (Converti et al., 2009). Also, there are differences in the
carbohydrate, protein and ash concentration depending on the seasons
and this has not yet been studied.

The effect of temperature, heating rates and feedstock blending
ratio on biochar production has been studied (Uzoejinwa et al., 2019).
Nevertheless, several other important factors such as moisture content,
mean particle size, vapour residence time, carrier gas flow rate, and
pressure have not been studied and needs to be investigated. In-
corporating and studying more parameters will provide true optimal
conditions and improve biochar production by co-pyrolysis process.
The influence of pyrolysis reactor on the co-pyrolysis process is also far
from being explored as fixed-bed reactors were majorly utilized in the
previous works as shown in Table 3. While adequate co-feedstock
contacts can be obtained using fixed-bed reactor, recent discoveries
have provided strong encouragement towards the use of auger reactor
as mentioned in Section 5.

Because CLMB is actually aimed at upgrading pyrolysis bio-oil, the

Fig. 2. Schematic of a semi-continuous pilot screw reactor. Source: (Ferreira et al., 2015).
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utilization of the biochar from the co-pyrolysis process has often been
overlooked and ignored in the published literatures. However, under-
standing how biochar properties are related to precursor material and
heat-treatment parameters is essential to the development of biochar
for specific application in different fields. Initially, biochar utilization
was focussed on the soil amendment characteristics because of the
potential of biochar for carbon sequestration and soil quality im-
provement. However, extensive investigations of the biochar properties
(physical, chemical and biological) as well as the production technol-
ogies, have shifted the attention from just soil improvement alone to
several industrial applications, notably in the areas of health, science
and engineering (Chemerys and Baltrėnaitė, 2018). Biochars show wide
changes in physical and chemical properties which significantly influ-
ence their various utilizations (Gul et al., 2015). Feedstock type and the
conversion technique influence the biochar characteristics (concentra-
tions of elemental constituents, pH, porosity, density amongst others),
and significantly determine the suitability of the biochar for different
utilizations (Daful and Chandraratne, 2018). They consist of different
surface functional groups which are influenced by thermal modifica-
tions of the parent organic materials (Ahmad et al., 2014). Tempera-
ture, pressure, duration and biomass feedstock physical characteristics
are critical variables for consideration in biochar commercial produc-
tion; most especially temperature, as it influences the density and
nature of functional groups of the resulting biochar (Uchimiya et al.,
2012). These parameters control the biochar quality variability, vis-à-
vis, biochar utilization, so they should be effectively studied, under-
stood and controlled during the production process.

Biomass feedstock pretreatment, prior to pyrolysis is fast attracting
considerable interest as it improves the quality through the removal or
modification of the undesired functional groups and structures of the
biomass, which in turn advances the biomass conversion process and
optimizes pyrolysis product formation (Wang et al., 2017b). Torrefac-
tion gives high quality biochar production and provides huge benefits
in logistics, handling and storage, as well as opening up a wide range of
potential uses. Torrefaction of biomass can also enhance the fuel
properties of biochar for combustion, pyrolysis, liquefaction, and gasi-
fication (Ong et al., 2019). Thus, the development of a tandem torre-
faction-pyrolysis technology is highly recommended; which requires an
understanding of the integration of torrefaction and advanced co-pyr-
olysis techniques. Diverse effect mechanism of torrefaction on co-pyr-
olysis should be explored after thorough knowledge of torrefaction
chemistry, including interactions between all biomass components
(cellulose, lignin, hemicellulose, carbohydrates, protein, lipids) and
self-catalysis of light organic acids. Thereafter, an efficient integration
system which considers the structural variations in biomass feedstock
and the biomass pre-treatment properties, amongst other important
factors should be developed.

Biomass feedstock storage is an important requirement that should
be appraised, which hitherto has been ignored by many researchers.
Equally, the short-term storage of intermediate products like biochar
should be explored, while the properties of the biochar components
over time should be properly monitored.

Finally, the economic analysis of biochar production from the CLMB
needs to be fully explored. This should be compared with the economics
of the pyrolysis of individual biomasses (that is, lignocellulosic and
macroalgae biomasses). A comprehensive sensitivity analysis should be
performed to determine how variations in different parameters of the
biochar production will influence the investment in terms of overall
profit and/or loss. This is important to determine the economic vul-
nerability of the biochar production against potential fluctuations
during the lifetime of the investment. Possible variations might be in
terms of the feedstocks production, collection, transportation and sto-
rage costs, co-pyrolysis (slow or fast) type, bio-oil yield, syngas yield,
pyrolysis plant construction cost, design parameters, capital costs,
change in fuel prices, electricity price, GHG price, yield implications of
biochar application, biochar sales price amongst others. The sensitivity

analysis is imperative in making critical decisions on investments, most
especially with a rise in raw material prices, increase fuel prices and
decrease sales prices of biochar products (Harsono et al., 2013). This is
important in making informed and appropriate decisions about the
investment in terms of the uncertainties, pros and cons with the lim-
itations and scope of the project.

8. Conclusions

Biochar production is attracting keen interest because of its pro-
mising potentials in energy and environmental aspects. Merging lig-
nocellulosic and macroalgae biomass feedstocks can be successfully
employed for biochar production in the energy biorefinery. Biomass
feedstock pretreatment is important to improve the biomass quality vis-
à-vis the biochar produced. Biochar characterization provides adequate
knowledge of the physical and chemical properties, hence, the potential
utilizations in the various applications. Exploring more lignocellulosic
and macroalgae biomass types is encouraged, and a comprehensive
sensitivity analysis to determine the economic vulnerability of the
biochar production against potential fluctuations during the lifetime of
the investment is recommended.
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