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Abstract
The banana value chain produces over 4 tonnes of waste biomass for every tonne of bananas harvested, including leaves, pseu-
dostems, peels, rejected fruits, rhizomes, and empty fruit bunches. With rising fossil fuel costs and environmental concerns, 
these wastes present opportunities for alternative biofuel production through thermochemical processing and densification. 
This review examines the properties of various banana plant wastes, their pretreatments, and suitability for processes like 
pyrolysis, torrefaction, and hydrothermal carbonization, as well as briquetting. Banana plant wastes vary in physico-chemical 
properties depending on the biomass type. Their high volatile matter content (70.5–89.1%db) makes them better suited for 
bio-oil and gas production rather than biochar. Pretreatment methods such as water-washing, alkaline treatment, drying, 
pressing, chopping, grinding, and milling may be needed before thermochemical conversion of the wastes. Among conver-
sion routes, pyrolysis is the most studied, followed by hydrothermal carbonization and dry torrefaction. The hydraulic press 
is the most commonly used technology for briquetting banana plant wastes. Depending on factors such as binder-to-biomass 
ratio, dwell time, and compaction pressure, this method can produce briquettes with compressive strength ranging from 1.33 
to 38.39 MPa, which exceeds the minimum acceptable level of 0.38 MPa. However, these briquettes can have ash content 
as high as > 20%db, which can reduce their calorific value, increase the risk of ash slagging and fouling in combustion sys-
tems, as well as lead to increased emission of particulate matter during combustion. While thermochemical conversion and 
briquetting of banana plant wastes may incur significant costs, these could be offset by the low cost of the raw materials, 
improved fuel properties, and better handling, transportation, and storage. Research efforts should focus on ascertaining 
the emission potential of thermochemical conversion and briquetting of banana plant wastes, which could encourage wider 
acceptance of these technologies, especially considering growing awareness about the need for environmental protection.
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1  Introduction

Banana plants hold great promise as a biomass source for 
production of biofuels and other valuable products, owing 
to their extensive cultivation and substantial biomass yield, 

especially in Asia, Latin America, and Africa [1]. For 
every tonne of bananas picked, over 4 tonnes of biomass is 
generated in form of leaves, pseudo-stems, peels, rejected 
fruits, rhizomes and empty fruit bunches [2]. Some of 
this biomass materials have found useful applications, 
for instance, fresh leaves can be used as food wrapping 
material [3], compost material [4] and as plantation mulch 
[5]. Peels can be used as animal feed [5] and as compost 
material [4]. Meanwhile, pseudostems can be used as a 
source of starch [6], raw material for ropes, textile and 
paper [7] and as plantation mulch [8, 9]. Rejected fruits 
can be used as animal feed [5], while peduncle can be used 
as a compost material [4]. While these uses are beneficial, 
the limited scale of processing and the risk of spreading 
banana pests and diseases such as bacterial wilt limit the 
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extensive utilization of banana plant wastes. Consequently, 
about 60% of this biomass goes to waste through open 
dumping and burning, raising environmental and health 
concerns [10].

In light of growing concerns over greenhouse gas emis-
sions and acute energy scarcity, there is a need to integrate 
banana production and value chain activities into a circu-
lar bioeconomy. Globally, from Asia to Latin America and 
sub-Saharan Africa, the burden of utilizing banana wastes 
beyond the farm remains a challenge. Consequently, research 
on the valorization of banana plant wastes for production 
of biofuels and other value-added products is gaining trac-
tion. Apparently, various valorization techniques are being 
studied which include; pyrolysis, torrefaction, hydrothermal 
carbonization (HTC) and briquetting. In all these techniques, 
the quality of the fuel products highly depend on the biomass 
composition, operating conditions and technology/or reactor 
type [11].

Pyrolysis involves heating the wastes in an oxygen-
free environment at temperatures ranging between 400 
and 900 °C to produce solid, liquid and gaseous fuels in 
the form of biochar, bio-oil and syngas, respectively [12]. 
Pyrolysis process is simple in design, results in high carbon 
yield [13], and is versatile in handling a wide range of waste 
types [14]. However, the process demands high operating 
temperatures, resulting in significant energy consumption. 
The process is also not suitable for biomass with a moisture 
content ≥ 10 wt%, since additional energy costs are incurred 
on pre-drying of biomass [13]. These concerns pave the way 
for torrefaction and HTC as potential alternatives to pyroly-
sis, but also as pretreatment methods for improving the fuel 
properties of banana plant wastes.

Torrefaction involves heating the biomass at temperatures 
ranging from 200 to 300 °C under an inert environment, pro-
ducing bio-coal with improved fuel properties, such as low 
moisture content, reduced oxygen-to-carbon ratio, higher 
energy density, and cleaner combustion [15, 16]. Compared 
to pyrolysis and other thermochemical processes, torrefac-
tion has the least global warming potential due to its minimal 
heat requirement [17]. Essentially, during torrefaction, the 
hydroxyl (OH) functional group is lost, making the mate-
rial hydrophobic and more stable against chemical oxida-
tion and microbial degradation [18]. Torrefied biomass also 
benefits from increased bulk density, easier grinding, and 
lower power requirements for subsequent briquetting or pel-
leting [15, 19]. These improved properties make torrefied 
biomass particularly suitable for co-firing in power plants 
and as an upgraded feedstock for gasification [20], pyroly-
sis and combustion [21]. However, similar to pyrolysis, 
torrefaction requires additional energy costs for pre-drying 
of biomass with inherently high moisture content [22]. To 
avoid this challenge, banana plant wastes can be pretreated 
via hydrothermal carbonization.

Hydrothermal carbonization also known as wet torrefac-
tion is applied under subcritical conditions of water at mild 
temperatures ranging from 180 and 250 °C, converting wet 
biomass into a solid product, commonly known as hydrochar 
[13, 23]. The HTC process is not only associated with a low 
energy requirement, but also results in hydrochar with a typi-
cally high calorific value, high energetic density, reduced 
sulphur content, improved combustion properties and better 
dewatering performance compared to its raw counterpart [7, 
23]. Furthermore, during HTC, the subcritical water dis-
solves most of inorganic components in the biomass, gener-
ating hydrochar with a typically lower ash content than its 
raw counterpart [23]. This reduction in ash content mitigates 
issues such as fouling, slagging, agglomeration, and corro-
sion of heat transfer surfaces during combustion, pyrolysis, 
and gasification of the hydrochar [7]. Despite these numer-
ous advantages, HTC exhibits certain drawbacks, including 
the requirement for expensive, pressurized, and complex 
systems, the requirement for extra expenses associated with 
the separation of solid and liquid products, and the genera-
tion of process water, which poses disposal challenges [13]. 
Furthermore, like pyrolysis and torrefaction, the solid bio-
fuel produced via hydrothermal carbonization is usually in 
dusty/or powdered form with low bulk density, making its 
handling, transportation and storage problematic [24–27]. 
The dusty form of these solid biofuels can also lead to air 
pollution, posing respiratory problems when inhaled [25]. 
These challenges can be addressed through briquetting of the 
raw or thermally treated banana plant wastes.

Briquetting is a process in which particles of low-den-
sity raw materials are converted by mixing and compaction 
into a denser product suitable for use as fuel [28]. Briquet-
ting after thermal treatment of the waste biomass results in 
briquettes with enhanced fuel properties due to the lignin 
released upon heating of the biomass which subsequently 
acts as a binding agent during briquetting [25]. Moreover, 
briquetting of hydrochars may not require external binders 
due to their stronger binding capacity compared to biochar 
and bio-coal [29]. Various factors influence the quality of the 
fuel briquette, including feedstock type, particle size, binder 
type and amount, compression temperature, pressure, dwell 
time and briquetting technology [30, 31].

While studies have examined the conversion of banana 
plant wastes into biofuels [6, 32, 33], there remains a notable 
absence of comprehensive reviews specifically addressing 
thermochemical processing and briquetting of these wastes. 
This article, therefore, provides a comprehensive review of 
commonly used thermochemical processing techniques, par-
ticularly pyrolysis, torrefaction, and hydrothermal carboni-
zation of banana plant wastes for energetic applications. It 
discusses the types of thermochemical reactors, their opera-
tional requirements, process parameters and performance 
with different banana plant wastes as feedstocks. The review 
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also provides in-depth insights into the properties of various 
banana plant wastes, their potential pretreatments and suit-
ability as feedstocks for pyrolysis, torrefaction, and hydro-
thermal carbonization. Additionally, it discusses briquetting 
as a viable solution to address the challenges posed by the 
dusty nature and low bulk density of solid biofuels derived 
from these processes, facilitating their handling, transporta-
tion, and storage while also enhancing their fuel properties.

2 � Methodology

Relevant literature was retrieved using various online search 
databases like Web of Science, PubMed, Scopus, and 
Google Scholar, as well as using publisher-specific search 
engines such as ScienceDirect, American Chemical Society, 
Taylor and Francis, Springer, Royal Society of Chemistry, 
and Wiley & Sons. The search focused primarily on four 
technologies, namely, pyrolysis, torrefaction, hydrothermal 
carbonization and briquetting using banana plant wastes as 
the key search word. The search also encompassed various 
aspects, including properties of banana plant wastes, pre-
treatment, reactor types, properties and emission potential 
of fuel briquettes.

Studies were included if: (i) they were peer-reviewed, (ii) 
published between 2013 and 2023, and (iii) were directly 
related to the thermochemical conversion of banana plant 
wastes. Additionally, studies covering topics such as waste 
characterization, reactor design, emissions, and fuel proper-
ties were considered. Studies were excluded if they: (i) did 
not specifically focus on banana plant wastes, (ii) were pub-
lished in languages other than English, and (iii) focused on 
non-energy applications without a connection to the speci-
fied thermochemical technologies. In cases where research 
was limited, exceptions were made for older but seminal 
works.

The Boolean operator "AND" was used to combine mul-
tiple keywords in a single search, ensuring a precise focus 
on banana plant waste-related studies. The search terms 
included combinations such as "banana pseudostem AND 
pyrolysis," "banana peduncle AND torrefaction," "banana 
pseudostem AND hydrothermal carbonization," and "banana 
peels AND hydrothermal carbonization," "banana pseu-
dostem AND briquetting," "banana peels AND briquet-
ting." Tailored searches were also carried out for studies that 
delved into specific aspects like pretreatment of banana plant 
waste or the environmental impacts of pyrolysis, torrefac-
tion, and briquetting. In total, 220 references were identified, 
primarily consisting of journal articles within the fields of 
materials science, chemistry, and engineering. The collected 
data was categorized based on the type of thermochemi-
cal conversion technology and the specific banana plant 
waste component used. Frequency analysis was employed 

to identify trends over time, with specific attention to the 
number of publications per technology (Fig. 1).

For quantitative assessment, data from experiments 
reported in the literature were tabulated and compared across 
studies to provide insights into the potential of banana plant 
wastes for energy production. The results revealed a predom-
inant focus on pyrolysis of banana plant wastes, followed by 
hydrothermal carbonization and torrefaction, as illustrated in 
Fig. 1. Notably, not all studies were geared towards energy 
applications; a significant number delved into areas such as 
adsorption [34–36] and soil amendment [37, 38]. Further-
more, certain banana plant wastes, such as banana rhizome 
and rejected banana fruits, remain unexplored in the context 
of the mentioned thermochemical conversion technologies. 
Torrefaction and hydrothermal carbonization studies on 
empty fruit bunches and peduncle, respectively are also yet 
to be undertaken. Recognizing the dual objective of seek-
ing alternative renewable energy sources and addressing 
waste disposal challenges, redirecting more research efforts 
towards the thermochemical conversion of banana plant 
wastes would be of great significance.

3 � Potential of banana plant wastes

The global annual production of banana fruits in 2018 was 
estimated to be 139.5 million tonnes, where about 22, 26 
and 48% of the fruits were produced in the sub-Saharan 
Africa, Americas and Asia, respectively [39]. According to 
FAO [40], the ten major banana producing countries include 
India, China, Uganda, Philippines, Indonesia, Ecuador, Bra-
zil, Cameroon, Democratic Republic of Congo, and Ghana. 
Banana plants generate huge quantities of waste biomass, as 
each plant produces only one fruit bunch in its lifetime [41]. 
For every tonne of banana fruits harvested, over 4 tonnes 
of banana plant wastes are produced, with rejected fruits 
accounting for 0.1 tonnes [42], banana leaves 0.48 tonnes 
[42], pseudostem 3 tonnes [42], stalks 0.16 tonnes [42], 
peduncle 0.13 tonnes [43] and banana peels 0.25 tonnes 
[44]. Considering these residue-to-product ratios and the 
global annual banana production, the global quantity and 
theoretical energy potential of each banana plant waste type 
were determined as shown in Table 1.

As can be seen from Table 1, the banana value chain 
generates over 570 million tonnes of waste biomass, with 
banana pseudostems contributing the highest amount, fol-
lowed by banana leaves, banana peels, banana stalks, banana 
peduncle and rejected fruits. The global theoretical energy 
potential of banana pseudostems, banana leaves and peels 
were estimated to be 5120, 948, and 457 PJy−1, respectively. 
The energy potential for the rest of the banana plant wastes 
could not be computed due to unavailability of data in the 
literature. Overall, the vast biomass and energy potential of 
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(a) (b)

(c)

Fig. 1   Number of papers published on thermochemical conversion of 
different banana plant wastes via pyrolysis (a), torrefaction (b) and 
hydrothermal carbonization (c). Note: i) R implies banana rhizome, 
ii) PS implies banana pseudostem, iii) L implies banana leaves, iv) P 

implies banana peduncle, v) EFP implies banana empty fruit bunch, 
vi) PLS implies banana peels, and vii) RF implies rejected banana 
fruits

Table 1   Global quantity and theoretical energy potential of the major banana plant wastes

i) (a) implies that the annual production of the different banana plant wastes was obtained as a product of residue-to-product ratio and the global 
annual production of bananas, ii) LHV implies lower heating value, iii) (-) implies data unavailable in the literature, and iv) ND implies not 
determined due to lack of sufficient data in the literature

Parameter Banana plant wastes Total (mil-
lion tonnes)

Reference

Leaves Pseudostem Peduncle Peels Stalks Rejected fruits

World production (million tonnes)a 66.96 418.50 18.14 34.88 22.32 13.95 574.75
MC (wt%) 12.38 10.20 9.36 11.56 - - - [45–48]
LHV (MJkg−1) 16.16 13.63 - 14.80 - - - [48]
Energy potential (PJy−1) 948 5120 ND 457 ND ND
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the banana value chain presents an opportunity for leverag-
ing banana plant wastes in biofuel production. This approach 
not only offers a sustainable alternative to fossil fuels, but 
also helps address challenges of waste management in the 
banana value chain.

4 � Composition of banana plant wastes

Similar to other biomass types, banana plant wastes are 
heterogeneous in nature. It is thus crucial to determine the 
composition of banana plant wastes to guide their selec-
tion for specific thermochemical conversion systems. The 
composition can be categorized based on lignocellulosic, 
proximate, ultimate and mineral compositions, as well as 
heating values. Each of the different compositions is briefly 
discussed in the following sections.

4.1 � Lignocellulosic composition

Banana plant wastes are lignocellulosic in nature, com-
prising of lignin, hemicellulose and cellulose. Lignin is an 
amorphous polymer consisting of a complex and heteroge-
neous three-dimensional network of aromatic substructures 
that provides coherence and toughness. Lignin together 
with cellulose, form the woody cell walls of plants and the 
cementing material between them [49]. Hemicelluloses are 
polysaccharides of variable composition, consisting of C5 
and C6 sugars associated with cellulose, and are found in 
the cell wall regions of the biomass [49]. Cellulose, on the 
other hand, is a linear polysaccharide consisting of β-D glu-
copyranose units covalently linked with (1–4) glycosidic 
bonds [50]. In thermochemical conversion, lignin contrib-
utes predominantly to char formation due to its recalcitrance 
to thermal decomposition, while cellulose and hemicellulose 
contribute less, with a significant fraction of carbon being 
lost as volatiles [51]. Thus, lignin content directly influences 
the heating value of biomass.

Proportions of the lignocellulosic components can vary 
due to factors such as banana variety, type of banana plant 
waste, maturity stage, growing conditions and geographical 
origin [52, 53]. Specifically, the lignin content of banana 
plant wastes vary from 5–38%db, hemicellulose from 
10–42%db, and cellulose from 10–70%db [2, 7, 46, 48, 
54]. Due to their relatively low lignin content, banana plant 
wastes undoubtedly exhibit low heating values and char 
yields compared to their counterparts such as coconut coir 
pith with a high lignin content (40.9wt%) [55]. Table 2 pro-
vides an overview of the lignocellulosic composition, proxi-
mate and ultimate properties, higher heating values, bulk 
density of banana plant wastes from different geographical 
origins.

4.2 � Proximate and ultimate compositions and HHV

Proximate and ultimate compositions, along with heating 
value, are important parameters of consideration when 
selecting biomass materials for fuel applications. The 
proximate components include moisture content, volatile 
matter, fixed carbon, and ash, while ultimate components 
include C, H, O, S, and N contents [2]. Table 2 provides 
an overview of the proximate and ultimate compositions, 
and higher heating values of various banana plant wastes 
from different geographical origins. The moisture content 
varies from 5-12wt% [46, 56], volatile matter content from 
41–90%db [2, 57], fixed carbon content from 0.2–47%db [2, 
46] and ash content from 6–25%db [42, 56]. These compo-
nents influence the thermochemical conversion processes. 
Moisture content, for instance, reduces the heating value as 
useful heat is wasted in vaporizing water from the biomass. 
It also leads to incomplete combustion, which in turn results 
in gaseous emissions of CO, volatile organic compounds 
(VOCs), polycyclic aromatic hydrocarbons (PAHs) and other 
pollutants [58]. High moisture content also adds to transport 
costs [59]. To avoid these foreseeable challenges, biomass 
should be thermochemically decomposed at moisture con-
tents of ≤ 50wt% for combustion [60], 20-30wt% for gasifi-
cation [61], ≤ 10wt% for pyrolysis [62, 63], ≤ 10wt% for tor-
refaction [18] and ≤ 80wt% for hydrothermal carbonization 
[62]. While biomass wastes with high moisture content can 
be dried prior to thermochemical conversion, the additional 
cost may significantly lower the economic viability of the 
thermochemical process [6].

For volatile matter, the higher the content, the more reac-
tive the biomass is and the easier it is ignited [2]. The vola-
tile matter content also directly influences bio-oil produc-
tion [64]. Thus, due to their relatively high volatile matter 
content (70.5–89.1%db) [2, 4, 46, 48, 50, 56, 65, 66], banana 
plant wastes are better candidate materials for bio-oil and 
gas production than biochar production. For fixed carbon, 
the higher the content, the higher the energy density and 
ultimately a higher energy throughput of a given biomass 
conversion system [67]. A higher fixed carbon content also 
enables the replenishment of the char needed for thermal 
cracking of the tar [68]. Thus, banana plant wastes with a 
relatively high fixed carbon content, such as pseudostems 
(18.1%db) [42] and leaves (15.6–46.5%db) [2, 57] are bet-
ter suited feedstocks for energy production than those with 
low fixed carbon content, including banana peels (2.70%db) 
[48], banana bunch waste (0.3–5.7%db) [4], banana fruit 
bunch waste (0.3%db) [46], banana pseudostem (0.2%db) 
[46] and banana stalks (5.0%db) [7]. A high ash content 
inherently lowers the heating value of biomass, while, at the 
same time, it increases the risk of operational problems such 
as slagging, fouling, corrosion, excessive tar formation, and 
reactor blockage [21, 67]. According to Akogun et al. [69], 
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biomass with low ash content (< 20%db) is better suited for 
thermal utilization than its counterparts with high ash con-
tent [69]. Thus, banana peels (9.28%db) [48], banana leaves 
(6.2–12.2%db) [2, 42, 45, 57, 70, 71], banana pseudostems 
(7.42–11.0%db) [42, 46, 57] and banana stalks (19.0%db) 
[7] would be better suited for thermal utilization than fruit 
bunch stem (20.6%db) [46] and bunch waste (22.7%db) [4] 
with relatively high ash content.

For ultimate composition (Table 2), the carbon con-
tent varies across banana plant wastes as follows: banana 
peels 35.65–41.30%daf [48, 72], banana bunch waste 
33.98–37.12%daf [4], fruit bunch stem 35.58%daf [46] and 
leaves 15.9–44.85%daf [2, 42, 45, 57, 70, 71]. The hydro-
gen content of banana peels ranges from 4.90–6.19%daf 
[48, 72], banana bunch waste 4.02–5.65%daf [4], banana 
leaves 5.4–9.2%daf [2, 42, 45, 57, 71], banana pseudostem 
4.36–5.93%daf [42, 46, 57], banana fruit bunch stem 
4.62%daf [46], and banana stalks 4.3%daf [7]. Nitrogen 
content is low in banana pseudostem (0.38%daf) [42, 57], 
leaves (0.58–0.98%daf) [42, 45, 57, 70] and bunch waste 
(0.90%daf) [4], but higher in banana bunch waste (3.11%daf) 
[4], banana fruit bunch stem (2.19%daf) [46], banana peels 
(1.94%daf) [48] and banana stalks (1.9%daf) [7]. How-
ever, some studies report higher nitrogen content in banana 
leaves (1.3–2.5%daf) [2, 71] and banana pseudostems 
(1.87%daf) [46]. The sulphur content across banana plant 
wastes is generally low, ranging from 0.00275–0.95%daf 
(Table 2). The oxygen content varies, with banana peels 
at 45.94–53.80%daf [48, 72], banana fruit bunch stem at 
57.16%daf [46], banana leaves at 41.4–73.4%daf [2, 42, 45, 
70, 71], banana pseudostem at 46.80–55.37%daf [42, 46] 
and banana stalks at 60.5%daf [7]. The carbon and hydrogen 
contents directly correlate with the heating value, while the 
oxygen and nitrogen contents indirectly correlate with the 
heating value of a given biomass [73]. High oxygen content 
also results in the production of a large volume of flue gases 
during combustion [74]. Furthermore, beyond influencing 
heating value, nitrogen and sulphur contents are crucial 
indicators of the emission potential of biomass, as they cor-
relate directly with NOx and SOx emissions of fuel [49]. 
The higher heating values of various banana plant wastes 
are as follows: banana peels 14–27-16.15 MJkg−1 [75, 76], 
banana bunch wastes 14.5–15.7 [4], banana pseudostems 
13.7–15.60 MJkg−1 [42, 46, 57], dried leaves 15.90–19.8 
MJkg−1 [2, 70], wet leaves 5.5 MJkg−1 [2], fruit bunch stem 
12.7 MJkg−1 [46], banana stalks 15.60 MJkg−1 [7] and rachis 
14.39 MJkg−1 [56]. These values, along with other relevant 
information, are also summarized in Table 2.

Table 2 further shows that, for the same type of banana 
plant waste, the higher heating value and proximate and ulti-
mate compositions do not vary widely with geographical 
origin. Instead, the variations in properties are more pro-
nounced across different types of banana plant wastes. There 

are, however, some exceptions; for example, wet leaves from 
Brazil exhibited a considerably low higher heating value of 
5.5 MJkg−1 [2], compared to 16.3 MJkg−1 for banana leaves 
from the Philippines [71]. The wet leaves also exhibited a 
considerably lower carbon and higher oxygen contents com-
pared to those from other countries (Table 2). These differ-
ences are likely due to the inherently high moisture content 
of the wet banana leaves (74.7wt%) [2], compared to those 
studied from other countries (Table 2).

4.3 � Mineral composition

The distribution of metallic elements in biomass fuels affects 
the temperature of decomposition and product yields and 
composition; hence it is necessary to know their concentra-
tions [21]. Banana plant wastes are composed of various 
mineral elements; the major ones being Na, K, Ca, Mg, P, 
Al, Cl, Si and Fe [77–79], while the minor ones include Cu, 
Zn, Mn, Mo, Pb, Ni, Cr, As, Cd, Co, Cs, Sb, Se, Sn and V 
[79]. These elements play a role in the reactions responsible 
for ash fouling and slagging in biomass conversion systems 
[80]. For instance, K, Na and Cl lower the melting point of 
ash, causing severe fouling, slagging and corrosion of heat 
transfer surfaces [58, 81]. Elements such as K, Cl, Na, Mg 
and P are responsible for the emission of particulate matter, 
for instance, a high Cl content increases the risk of emitting 
dioxins and furans during biomass combustion [81]. The 
composition of the metallic elements varies widely among 
banana plant wastes, due to variability in banana plant spe-
cies, growth conditions, maturity stage and geographical 
origin [82]. Table 3 provides an overview of the mineral 
composition of various banana plant wastes. 1.

5 � Pretreatments prior to thermochemical 
conversion

Banana plant wastes, like other biomass types, require pre-
treatment before thermochemical conversion into biofuels. 
Pretreatments are typically physico-chemical in nature, 
encompassing various methods such as water-washing [84], 
alkaline pretreatment [3], drying [85], pressing [57], chop-
ping [42], grinding [45] and milling [86]. Other pretreatment 
options include screening or sieving to achieve desired par-
ticle sizes [45]. These pretreatments are further elaborated 
below.

Water-washing of biomass serves multiple purposes, 
including removal of dirt and any other organic matter 
present on the surface of the waste biomass [48]. Water-
washing also lowers the ash-forming components of the 
biomass, reducing the risk of ash-related problems such 
as fouling, slagging, agglomeration and corrosion of heat 
transfer surfaces [87]. It can also reduce the chlorine 
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content of the biomass [88], thereby remarkably improv-
ing the ash fusion temperature and ultimately avoiding 
the aforementioned ash-related problems [58]. Alkali pre-
treatment improves the surface characteristics and bond 
orientations of the derived fuel briquettes [3], while dry-
ing removes moisture from biomass, enhancing its shelf 
stability by avoiding the growth of fungus and microor-
ganisms [14]. Drying can be done in the sun, in ambient 
conditions or in a greenhouse [22]. Moisture reduction can 
also be achieved via pressing [57]. Chopping of banana 
plant wastes eases handling, transportation and storage of 
banana plant wastes [14]. Grinding and milling increases 
the surface area for drying [48, 85]. Particle size reduc-
tion and homogenization allow for better compaction of 
the feedstock, influencing its physical and mechanical 
characteristics [22]. In all these options, pretreatments 
should be carefully considered to avoid hindering down-
stream processes. For instance, banana peels milled to 
particle size ≤ 400 microns were considered undesirable 
for deployment in pyrolysis as these could lead to a risk 
of dust explosion, while accumulation of dust could cause 
blockage of the pyrolysis reactor outlet [11]. Additionally, 

pretreatments can incur significant costs, potentially 
impacting the economic viability of thermochemical con-
version processes [89]. The various pretreatments options 
are usually employed in combination as highlighted in 
Table 4.

6 � Thermochemical conversion

Thermochemical conversion involves degradation of the 
organic components of biomass at moderate to high tem-
peratures, either with or without oxygen to produce solid, 
liquid and/or gaseous biofuels [92]. These processes include 
pyrolysis, torrefaction, hydrothermal carbonization, gasifica-
tion, liquefaction and combustion. The choice of a particular 
conversion process depends on factors such as the type and 
quantity of feedstock, desired form of energy, environmental 
standards, economic considerations and project-specific fac-
tors [93]. In this review, focus is on pyrolysis, torrefaction 
and hydrothermal carbonization, examining each process in 
detail and comparing their energy consumption.

Table 3   Mineral composition of 
banana plant wastes

(–) implies no figure or data were given in the literature

Inorganic elements Banana plant wastes

Pseudostem Leaves Peels Peels Inflorescence

1. Major elements (mg/100 g)
Al 76.7 - - 1010 184.3
Ca 401 1.2 59.1 759 1065
Fe 306.5 0.2778 47.0 125 4055
K 1063 3.8 4.39 25900 5129
Mg 155 - 44.5 840 2355
P 209 1.8 211.3 - 410
Na 2 - 115.1 - 1834
2. Trace elements (mg/100 g)
As 0.15 - -  < 3.0 0.16
Cd 10.6 - -  < 0.2 15.0
Co 37.9 - -  < 0.4 194.4
Cr 50.4 - -  < 5.0 39.3
Cs - - -  < 2.0 -
Cu 0.2 0.00797 0.51 440 5.2
Mn 278.6 0.25778 0.702 16,200 1338.0
Mo 0.28 - - 140 0.42
Ni 4.6 - - 380 9.9
Pb 1.5 - -  < 5.0 4.2
Sb  < 0.1 - -  < 20  < 0.1
Se 0.1 - - 226 0.10
Sn - - -  < 3.0 -
V - - -  < 1.0 -
Zn 166.0 0.0322 0.033 4830 2079.0
Reference [83] [82] [77] [79] [83]
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6.1 � Torrefaction

Torrefaction involves heating the biomass in an oxygen-
starved environment at temperatures ranging from 200 
to 300 °C at a heating rate ≤ 50 oCmin−1 and at ambient 
pressure [74]. The process involves several complex reac-
tions through which biomass is converted into a mixture of 
solid, liquid, and gaseous products, with solid char being 
the main product [74]. Torrefaction occurs in five phases, 
namely, heating, pre-drying, post-drying, torrefaction and 
cooling phase [94], as illustrated in Fig. 2.

During the initial heating phase, biomass is gradually 
heated to 100 °C, evaporating free water in the pre-drying 
phase. Subsequently, as the temperature reaches 200 °C, 
the remaining water vaporizes in the post-drying phase, 
alongside decomposition of some biomass components 
which result in minor mass loss [15]. The major mass loss 
occurs during torrefaction at temperatures above 200 °C 
where the lignocellulosic components are decomposed.

Table 4   Pretreatment activities on various banana plant wastes prior to conversion into fuel

Banana plant waste Pretreatments Details of the pretreatments Reference

Leaves Alkaline pretreatment and drying Banana leaves were soaked in 3% NaOH solution for 
3 h at ambient temperature. Samples were then dried 
for 48 h at room temperature, followed by oven dry-
ing at 60 °C overnight

[3]

Leaves Grinding and screening Banana leaves at a moisture content of 12.5wt.% were 
mechanically ground, followed by screening using a 
12-mesh sieve to achieve particles < 1.7 mm. Ground 
sample was then stored in sealed polyethylene bags 
until use

[45]

Pseudostem Pressing, drying and chopping Banana pseudostem were prepared through pressure 
to remove excess moisture prior to drying process. 
The waste was then cut into 30 cm long cylindrical 
pieces, sliced, and pressed

[42]

Leaves Sun-drying and milling Fresh samples of banana leaves were sundried for 
1–2 weeks and milled to < 5 mm prior to hydrother-
mal carbonization

[90]

Pseudostem Chopping and drying Banana pseudo-stems were chopped into smaller sizes, 
oven-dried at 105 ◦C and then cut into pieces of 
4 cm × 4 cm before further drying

[14]

Peels Chopping, water-washing and drying Sample were reduced to particle size of 5.0 mm, fol-
lowed by water-washing and air-drying

[48]

Pseudostem Water-washing, drying, crushing, milling and screen-
ing

Banana pseudostems were water-washed followed by 
oven-drying at 105 °C for 48 h, crushed, milled and 
screened to particle size < 0.125 mm

[84]

Peels Cutting, drying, grinding and sieving Banana peels were cut to smaller pieces prior to oven-
drying at 80° C, followed by grinding to particle 
size ≤ 5 m and sieved to achieve particle sizes rang-
ing from 425 microns to 2 mm

[11]

Rachis Cutting, drying, milling and sieving Banana rachis was cut, dried, milled, and then sieved 
to get a homogeneous particle size < 250 mm

[86]

Pseudostem Pressing, drying and milling Pseudostem was pressed in a hydraulic press, followed 
by drying at 60 ºC for 24 h and milling to obtain a 
powdered sample with an average particle size of 
2.5 mm

[57]

Leaves Drying, pulverizing, water-washing, oven-drying and 
sieving

Fresh banana leaves were sundried, pulverized, rinsed 
with tap water, oven-dried at 105 °C for 24 h. The 
dried pulverized biomass was then sieved to average 
particle size of 2 mm and stored in air-tight contain-
ers until further use

[3]

Leaves Drying, grinding and sieving Banana leaves were sun-dried for about 15 days, cut 
into small pieces, ground using a mixer and grinder, 
followed by sieving to obtain particle size (250 μm)

[91]
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6.1.1 � Torrefaction and fuel properties

Torrefaction is typically used for pre-treatment of biomass 
with the purpose of enhancing its fuel and combustion 
characteristics [23]. For instance, banana leaves, which 
typically have low carbon content, high oxygen content, 
and low energy content, can benefit from torrefaction to 
improve their fuel properties [45]. Similarly, banana bunch 
waste, characterized by low density and carbon ratio, faces 
challenges in its use as a fuel, necessitating torrefaction for 
their enhancement [4]. Torrefaction enhances fuel proper-
ties such as higher heating values, hydrophobicity, grind-
ability, and energy density, which in turn influences stor-
age, transportation, and material handling [95]. Islam et al. 
[7] torrefied banana stalks obtaining torrefied product with 
energy density, fuel ratio and energy recovery of 1.2, 0.2–0.9 
and 0.7–0.9, respectively. Alves et al. [45] torrefied banana 
leaves and obtained torrefied product with mass and energy 
yields ranging from 61.77–64.40 and 76.96–80.62%, respec-
tively. Torrefaction increases the carbon content, while 
decreasing the hydrogen and oxygen contents due to dehy-
droxylation and decarboxylation reactions that occur dur-
ing thermal degradation of the hemicellulose fraction [45]. 
Consequently, torrefaction reduces the atomic oxygen-to-
carbon (O/C) and hydrogen-to-carbon (H/C) ratios of the 
biomass so that they approach/or match those of low-rank 
coal, peat, and lignite [21]. These enhanced properties make 
torrefied biomass ideal for combustion [23], pyrolysis [95], 
or gasification [96]. The torrefied biomass can either be used 
directly as a solid fuel or densified to form fuel briquettes. 

Table 5 provides detailed insights into recent studies on the 
torrefaction of banana plant wastes, conditions used, yields 
obtained and fuel properties of the resulting torrefied bio-
mass. Notably, reports specific to the sub-Saharan African 
context are scarce in the literature.

6.1.2 � Types of torrefaction processes

Biomass undergoes torrefaction under either dry or wet 
conditions, known as dry and wet torrefaction, respectively 
[17]. Torrefaction can also be classified as steam torrefaction 
as illustrated in Fig. 3. Each of these torrefaction types are 
described in detail in the subsequent sub-sections.

Dry torrefaction  In dry torrefaction, biomass is heated in 
dry and non-oxidative (inert) or oxidative atmospheres [99], 
with the former involving the use of nitrogen and carbon 
dioxide as carrier gases during torrefaction [100]. Of the 
two gases, carbon dioxide offers better prospects as it is cost-
effective, increasing the economics of the torrefaction pro-
cess [101]. In oxidative torrefaction, air, flue gas and other 
gases containing varying concentrations of oxygen are nor-
mally used as carrier gases. The use of these gases lowers 
operating costs, as the gases do not have to be separated 
from the air, as is the case with nitrogen [17]. However, 
the presence of oxygen in the carrier gases, together with 
the exothermic reactions lead to higher reaction rates which 
shorten the duration of torrefaction reactions compared to its 
non-oxidative counterpart. Consequently, the yield of solids 
in oxidative torrefaction is typically lower than that obtained 

Fig. 2   Different phases of tor-
refaction with respect to time 
and temperature (reprinted from 
[94], under open access without 
permission)
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in non-oxidative torrefaction. In addition, as the oxygen con-
centration in the carrier gases increases, the higher heating 
value of the torrefied biomass decreases at torrefaction tem-
peratures ≤ 300 °C [102]. By using carrier gases with oxygen 
concentrations ≤ 6vol%, torrefied biomass with fuel proper-
ties close to those of biomass torrefied with nitrogen can be 
obtained, though at the expense of low bio-coal yield [17].

The yield and quality of fuel products from dry torrefac-
tion depend on the biomass type, operating conditions and 
reactor type [11]. In the case of biomass type, for instance, 
plantain peel exhibited a higher mass yield than the peduncle 
[103]. Banana pseudo-stems exhibited superior fuel proper-
ties compared to banana leaves [42]. These differences may 
be attributed to variations in the lignocellulosic composi-
tion of the banana plant wastes. The most important oper-
ating conditions include torrefaction temperature, heating 
rate, residence time, particle size, and moisture content 
[18]. Temperature and residence time significantly impact 
mass yield and final quality of the torrefied biomass, affect-
ing parameters such as heating value, energy yield, energy 
density, and grinding throughput [16]. However, contrary 
reports suggest minimal influence of residence time on the 
torrefaction process [21, 104, 105, 106]. Particle size influ-
ences the reaction mechanism; for instance, larger parti-
cles promote inter-particle vapor-char interactions, which 
can increase the yield of undesirable light bio-oil fractions 
[107]. Torrefaction of biomass with larger particle sizes 
result in higher bio-coal yields [108], as particles take longer 
in the reaction zone due to slower heat and mass transfer 
rates compared to their smaller counterparts [109, 110]. For 
optimal dry torrefaction, biomass should have a moisture 
content ≤ 10wt% [62]. If the moisture content exceeds this 
threshold, pre-drying the feedstock is necessary, albeit at 
the expense of increased energy costs. Various studies have 
examined the effects of the aforementioned parameters on 
torrefaction of banana wastes, including banana rachis [56], 
banana leaves [45], and pseudostem [97] as summarized in 
Table 5.

Wet torrefaction  Wet torrefaction, also known as hydro-
thermal carbonization (HTC) is conducted under subcritical 

water conditions, typically between 180 and 250 °C in an 
inert environment, for a reaction time of 5 to 240 min [17]. 
Other than water, wet mediums such as dilute acids are used 
for pretreatment of biomass. The process yields a solid prod-
uct known as hydrochar with coal-like properties. The HTC 
process is particularly suitable for wet biomass with moisture 
content up to 80wt%, eliminating the need for pre-drying and 
thus reducing energy costs [62]. The resultant hydrochar 
has a higher energy density, better combustion properties 
and better dewatering performance compared to the original 
biomass [23]. The HTC process can favorably retain more 
oxygenated functional groups on the surface of hydrochar, 
giving it a slightly acidic pH compared to biochar derived 
from dry torrefaction, pyrolysis and gasification [111]. The 
acidic pH of hydrochar results from the washing away of 
inorganics in the wet media during HTC [112]. The HTC 
process also exhibits better hydrogen retention compared to 
dry torrefaction, maintaining a higher hydrogen content in 
the wet torrefied biomass [113]. Moreover, since subcritical 
water dissolves most of the inorganic components in bio-
mass during HTC, the ash content of the resultant hydrochar 
is typically lower than that of the raw biomass, unlike dry 
torrefaction [23]. This reduces fouling during combustion, 
although tendencies such as slagging and bed agglomeration 
may still arise [114]. Other challenges associated with HTC 
include a need for advanced reactors capable of working at 
elevated pressures, and thus higher investments [115]. As 
both solid and liquid products are generated during HTC, a 
separation step may be necessary, which increases operating 
costs [79].

The important parameters that influence HTC include 
biomass type, temperature, residence time, heating rate, 
water-to-biomass ratio, particle size, and rotation speed [7, 
23]. Of these, biomass type greatly influences hydrochar 
characteristics; thus, process parameters need to be inves-
tigated in detail for each type of banana plant waste. A few 
researches that have examined the effects of HTC on banana 
plant wastes include banana peels [79], banana bunch waste 
[4], banana stalk [7], banana leaves [71], and fruit bunch 
stem [98] (Table 5). Depending on the type of banana plant 
waste and process conditions, hydrochar yields can range 

Fig. 3   Classification of torrefac-
tion (adapted from [17], under 
open access without permis-
sion)
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from 62–76% [71] and fuel ratio 0.2–0.9 [7]. However, 
despite these research efforts, further studies are needed to 
assess in detail the suitability and potential of banana plant 
wastes for hydrothermal carbonization.

Steam torrefaction  In steam torrefaction, biomass is ther-
mally treated at high pressure saturated steam at 200–260 
°C for 5–10 min [79]. Upon rapid release of pressure, the 
steam causes swelling of the lignocellulosic matrix, leading 
to the separation of individual fibers and ultimately a reduc-
tion in mechanical strength and elasticity of the torrefied 
biomass [116]. Furthermore, steam torrefaction removes 
low molecular weight volatiles from the biomass, enhanc-
ing its carbon content, heating value and hydrophobicity. 
These improvements occur at lower temperatures and shorter 
treatment times compared to dry torrefaction. Additionally, 
steam-torrefied biomass exhibits advantages in densifica-
tion processes, with pellets derived from it displaying higher 
elasticity and mechanical strength compared to those from 
raw biomass [79]. These benefits have been demonstrated in 
steam torrefaction studies involving various biomass sources 
such as eucalyptus [117], Douglas fir [118], olive husks and 
tomato peels [119]. However, studies on steam torrefaction 
of banana plant wastes are yet to be conducted.

6.1.3 � Torrefaction reactors

Dry torrefaction reactors  Torrefaction reactors have evolved 
from existing reactor concepts, originally employed in pro-
cesses such as drying, pyrolysis, or gasification [17]. They 
are classified as laboratory, pilot and commercial types, with 
varying production capacities as < 20, 20–600 and > 600 
kgh−1, respectively [120]. Laboratory-scale reactors, includ-
ing fixed bed, microwave, rotary drum, and fluidized bed 
types, are crucial for research and development, and allow 
testing of process parameter for scalability [120]. Pilot and 
commercial reactors include various reactor types, includ-
ing those of the laboratory type. The other reactor types 
in this category include the screw, moving-bed, torbed, 
belt drier, multiple hearth, vibrating electrical elevator and 
reactor (REVE), rotating-packed bed, and spouted-bed reac-
tors. Below is a brief description of selected reactor types 
common to the three reactor categories, with other types 
described in detail in previous studies [17, 121].

Fixed and moving bed reactors  The fixed bed reactor is 
commonly used in laboratories to conduct preliminary stud-
ies. Consequently, it is the most widely used reactor for tor-
refaction of banana plant wastes. It has no moving parts or 
unique components, making it simple to design, construct, 
and operate [121]. Its configuration can be either horizon-
tal or vertical. Heat transfer is done indirectly, causing a 
greater energy consumption [94]. Additionally, temperature 

variations occur along the reactor, leading to non-uniform 
heat distribution in the reactor. This creates a low-temper-
ature zone in the reactor, where torrefaction cannot occur. 
Consequently, this limits scaling up of fixed bed reactors for 
torrefaction at pilot or commercial scale [121]. In contrast, 
a moving bed reactor allows biomass particles to move rela-
tive to the reactor wall, which can be horizontal, vertical, 
or inclined, with movement facilitated by either gravity, a 
rotating disk, or a vibrating belt [110]. Figure 4 illustrates a 
typical example of a moving bed reactor.

Microwave reactor  In this type of reactor, microwave radia-
tion, typically at 2.45 GHz, is employed to heat biomass 
by causing the water molecules in it to vibrate, resulting in 
an increase in temperature [120]. This heating mechanism 
occurs mainly through dipolar polarization and ionic con-
ductivity. The extent of heating depends on the ability of 
the material to absorb microwaves and convert them into 
heat [121]. Heating of biomass occurs from the core to the 
surface. The torrefaction process is usually relatively fast, 
and the temperature can be easily controlled. However, sub-
stantial electricity is needed to generate microwaves, raising 
concerns about high energy requirements [121]. Figure 5 
illustrates a typical microwave reactor.

Rotary drum reactor  In a rotary drum reactor, biomass is 
torrefied under an inert atmosphere using a rotating drum. 
Heating can be achieved directly by passing hot gases 
through the reactor or indirectly by circulating hot gases 

Fig. 4   Moving bed reactor (reprinted from Biomass Gasification, 
Pyrolysis and Torrefaction, Second edition, by Basu [122], Torrefac-
tion, pp. 87–145, Copyright (2024), with permission from Elsevier)
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through the reactor shells [121]. Hybrid heating modes 
may also be employed [94]. The rotary motion of the drum 
ensures constant mixing of the biomass, resulting in rela-
tively uniform heating compared to fixed bed reactors. 
However, controlling the process temperature is challeng-
ing due to radiative heat on the drum surface. Scaling up 
the rotary drum reactor is complex because the reactor vol-
ume increases faster than the heat transfer area as the reactor 
diameter increases. Moreover, the presence of moving parts 
makes the design, construction, and operation of the rotary 
drum reactor more intricate than fixed bed reactors. Figure 6 

illustrates a typical small-scale rotary drum reactor used in 
biomass torrefaction.

Fluidized bed reactor  In a fluidized bed reactor, biomass is 
placed on a grate, and hot inert gas from the lower part of 
the reactor flows through the biomass bed. This keeps the 
biomass in suspension and behaves like a fluid, ensuring 
uniform temperature distribution throughout the biomass 
bed and ultimately uniform quality of the torrefied biomass 
[120]. Despite this advantage, studies exploring the use 
of fluidized bed reactors for torrefaction of banana plant 
wastes are rare in the literature. Fluidized bed reactors also 
pose some challenges in terms of design, construction, and 
operation. Their design, for instance, requires strict adher-
ence to defined fluidization parameters such as particle size 
and mass, fluidization speed, heat flux, and reactor geometry 
[121].

Hydrothermal carbonization reactor  Figure 7 shows the 
schematic drawing of a typical hydrothermal carbonization 
rig used at laboratory scale. The rig includes an autoclave 
with a stirrer placed in a temperature-controlled oven, oper-
ating under autogenous pressure. A K-type thermocouple, 
connected to a PLC controller is used to measure and control 
the process temperature [125]. A desired ratio of biomass-
to-water is carefully loaded into the reactor. The system is 
pressurized to keep the water in its liquid state, followed by 
heating until the desired maximum temperature is reached 
[126]. The reactor maintains this temperature for a set hold-
ing time to complete the torrefaction. Upon completion, the 

Fig. 5   Microwave reactor for torrefaction of biomass (reprinted from 
[123], under open access without permission)

Fig. 6   Small scale rotary drum reactor for torrefaction of biomass 
(reprinted from [124], under open access without permission)

Fig. 7   Schematic drawing of the experimental hydrothermal carboni-
zation rig (1–Autoclave; 2–type K thermocouple; 3–programmable 
logic controller (PLC); 4–heating mantle, with band heaters; 5–drain-
ing; 6–dryer; 7–analysis of dry sample; 8–nitrogen for purging; 9–
purging valve; 10–pressure relief valve) (reprinted from [125], under 
open access without permission)
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reactor is rapidly cooled in an ice bath, bringing it back to 
room temperature. The pressure is then safely released, and 
the reactor opened to collect, separate, and store the result-
ing torrefaction products.

Steam torrefaction reactors  Figure 8 illustrates a typical 
batch pressurized reactor used by Brachi et al. [127] for 
steam torrefaction of biomass at a laboratory scale. The reac-
tor is equipped with a pressure indicator (PI) and a K-type 
thermocouple (TT) to monitor temperature at the top of the 
glass tube and pressure inside the chamber. The dry bio-
mass is placed at the bottom of the glass tube, and distilled 
water is added until the desired water-to-biomass ratio is 
achieved. The top of the glass tube is filled by a wad of 
ceramic fiber wool, inserted into a steel tube, and sealed. To 
create an inert atmosphere, the reactor is purged with argon 
by pressurizing and venting it 4–5 times. The reactor is then 
placed in an electric tube furnace, and the oven tempera-
ture is set to the desired torrefaction temperature, while the 
temperature and pressure inside the reactor pressure vessel 
are continuously monitored. The holding time begins once 
the reactor temperature nears the set point, during which 
pressure increases due to water evaporation, volatile release, 
and gas compression. After the holding period, the reactor 
is quickly removed and cooled in a water bath. If residual 
pressure remains, the gas is released into a 100 mL syringe 
for volume measurement. Finally, the reactor is opened, and 
the glass tube is retrieved for further processing.

6.2 � Pyrolysis

Pyrolysis involves thermochemical conversion of biomass in 
an oxygen-free atmosphere to produce condensable liquids 
(bio-oil), solid char (bio-char) and gases [9]. These pyrolysis 
products can be used to produce heat, power, and chemicals. 
For instance, the produced biochar can be used as a fuel in 
combustion and gasification systems [128]. Pyrolysis gas 
can be used to power gas engines and gas turbines, generat-
ing electricity in a more efficient manner than conventional 
steam boilers [12]. Bio-oil, on the other hand, can be used 
as an alternative liquid fossil fuel in various applications [9]. 
Despite these benefits, pyrolysis is not without challenges. 
For instance, bio-oil contains a complex mixture of oxygen 
functional groups responsible for its highly corrosive nature, 
low heating value, high viscosity and low stability, hindering 
its production at industrial-scale [129, 130]. Pyrolysis pro-
cess demands biomass with low moisture content, particu-
larly ≤ 10wt%, if additional energy costs for pre-drying of 
biomass are to be avoided [13]. Biomass with high ash con-
tent is also not suitable for pyrolysis as agglomeration of ash 
can lead to blockage of the reactor. Other ash-related con-
cerns include fouling, slagging, and corrosion of heat trans-
fer surfaces during pyrolysis. Banana plant wastes, such as 

pseudostems with ash content ranging from 18.61–23.53%db 
[97, 131], banana stalks (19%db) [7], rachis (24.7%db) [56], 
and banana fruit bunch stems (20.60%db) [46] would not be 
suitable for pyrolysis without pretreatment to lower their ash 
content. Besides the aforementioned challenges, pyrolysis 

Fig. 8   A typical experimental setup for pressurized steam-assisted 
torrefaction (reprinted from [127]. Copyright (2024) American 
Chemical Society)
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requires high investment costs before it can be carried out 
commercially for energy harnessing [12]. Compared to tor-
refaction, pyrolysis of banana plant wastes has been widely 
researched for production of biofuel (see Tables 5 and 7).

6.2.1 � Types of pyrolysis

Pyrolysis can be classified as slow, intermediate, fast, flash, 
microwave, vacuum and hydropyrolysis. This classification 
is based on operating conditions, including heating rate, tem-
perature, residence time and biomass particle size (Table 6). 
Consequently, due to differences in pyrolysis conditions, 
product yields and quality vary with pyrolysis type [99]. In 
the subsequent sections, brief descriptions are provided for 
the most commonly employed pyrolysis types.

Slow pyrolysis involves heating biomass at relatively 
low heating rates ranging from 6 to 60 °C to temperatures 

ranging from 300–600 °C for prolonged residence 
time > 1800s [132]. Unlike fast and flash pyrolysis, slow 
pyrolysis does not need finely ground feedstock, resulting 
in higher biochar yields [14]. However, slow pyrolysis suf-
fers from drawbacks, such as prolonged heating to reach the 
target temperature, high heat loss, un-even heating and long 
reaction time, which increase the cost of biochar produc-
tion. These shortcomings can be reduced using microwave-
assisted pyrolysis [99]. In this type of pyrolysis, microwaves 
are used to generate heat inside the feedstock samples with-
out any contact between the sample and heating source as 
in slow pyrolysis. The sample is heated from the core to the 
surface, while in slow pyrolysis, the sample is heated by 
convective heat transfer from the surface to the core [135, 
136], as illustrated in Fig. 9.

Research on slow pyrolysis of banana plant wastes, 
including pseudostem [14, 48, 131], peels [11, 48, 75], and 

Table 6   Classification of pyrolysis [132–134]

(–) implies no figure or data was given in the literature

Pyrolysis conditions/biochar yield Classification of pyrolysis

Slow pyrolysis Intermediate 
pyrolysis

Fast pyrolysis Flash pyrolysis Vacuum pyrolysis Hydropyrolysis

Temperature (oC) 300–600 400–650 850–1250 ˃1000 300–600 350–600
Heating rate (oCmin−1) 6–60 60–600 600–12000 ˃60,000 6–60 60–18000
Residence time (s) ˃1800 600 0.5–10  < 0.5 0.001–1.0  > 15
Pressure (MPa) 0.1 0.1 0.1 0.1 0.01–0.02 5–20
Particle diameter (mm) ˃5 1–5  < 1  < 0.5 - -
Biochar yield (%) 25–35 25–40 10–25 10–25 - -
Bio-oil yield (%) 20–50 35–50 60–75 60–75 - -
Gas yield (%) 20–50 20–30 10–30 10–30 - -

Fig. 9   Schematic diagram of 
temperature distribution, heat 
transfer and mass transfer in the 
conventional and microwave 
heating (reprinted from Rapid 
Pyrolysis of Wood Block by 
Miura et al. [137], pp. 187–199, 
Copyright (2024), with permis-
sion from Elsevier)
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leaves [48, 91], has been conducted. However, there is still 
a need to explore banana plant wastes further, including tai-
loring pyrolysis to specific banana cultivars and optimizing 
process conditions. These efforts could encourage maximum 
exploitation of the banana value chain.

Intermediate pyrolysis employs intermediate tempera-
ture and heating rates between slow and fast pyrolysis. It 
occurs at heating rates of 60–600 oCmin−1 and temperature 
400–650 °C [132]. The process has the ability to treat a wide 
range of feedstock with high moisture content up to 40wt% 
[138], producing biochar with low volatile matter content 
and high carbon content, due to interaction with steam 
[133]. The process also results in a good products distribu-
tion, offering good prospects for co-production of biochar, 
bio-oil, and gas, with the liquid product easily separable into 
organic and aqueous phases. Moreover, the organic phase 
has properties similar to those of biodiesel [133]. Compared 
to fast pyrolysis-derived bio-oil, the organic phase exhibits 
better quality in terms of viscosity and heating value [139]. 
This is attributed to the relatively long residence time and 
catalytic effects from by-product char. Despite these numer-
ous advantages, the potential of intermediate pyrolysis for 
the conversion of banana plant wastes remains insufficiently 
explored.

Fast pyrolysis involves high heating rate (> 100 oCs−1) 
[138, 140, 141], and temperatures ranging from 400–600 °C 
[122, 140], for short residence time 0.5–10 s [132, 142]. The 
high heating rate allows conversion of the input biomass to 
a liquid product (bio-oil) before it could react to form the 
undesired char [134]. To allow high heat transfer rate and 
facilitate quick chemical reactions, fine particle sizes of bio-
mass are required in fast pyrolysis [14]. This process results 
in high bio-oil yield, which is often the most desired product 
[143]. However, with careful control of the pyrolysis condi-
tions, higher yields of either gas or biochar can be achieved. 
For instance, fast pyrolysis of banana pseudostem resulted 
in a relatively low bio-oil yield (32.8–39.3wt%) compared to 
biochar yield (32.8–45.9wt%) [14]. Similarly, fast pyrolysis 
of banana rachis resulted in a relatively low bio-oil yield 
(22wt%) compared to biochar yield (71wt%) [86]. Fast 
pyrolysis of dried banana leaves resulted in bio-oil yield 
(27.0wt%) lower than the gas yield (49.6wt%), but higher 
than biochar yield (23.3wt%) [86]. Further details about the 
pyrolysis conditions in each of the aforementioned studies, 
with corresponding product yields and characteristics can 
be found in Table 7.

Flash pyrolysis can be considered as an improved and 
modified form of fast pyrolysis [134]. It involves heating 
biomass in an inert environment at a heating rate > 60,000 
oCmin−1 to temperature > 1000 °C for a residence time < 0.5 
s [132]. It is normally adopted to maximize bio-oil yield 
[144]. However, flash pyrolysis requires specific reactors 
capable of accommodating high temperature and pressure Ta
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[145]. Despite being a well-established technology, reports 
on the flash pyrolysis of banana plant wastes are scarce in 
the literature.

6.2.2 � Factors affecting pyrolysis

Pyrolysis is influenced by several factors that subsequently 
impact the distribution, yield and composition of pyrolysis 
products. The most important factors include biomass type, 
temperature, residence time, heating rate, particle size, pres-
sure, catalyst and sweeping gas type and flowrate as dis-
cussed below.

Type of biomass  The type of biomass can significantly influ-
ence the yield and composition of the pyrolysis products. For 
example, banana leaves were found to exhibit a higher fixed 
carbon content compared to banana peels and pseudostem 
[48]. Fast pyrolysis of banana peels yielded more bio-oil 
(39.9wt%) than that obtained from banana pseudostems 
(26.7wt%) and banana leaves (35.0wt%) [8]. This study also 
found that pseudostems resulted in a higher biochar yield 
compared to the other banana plant wastes. These variations 
are attributed to differences in composition of the biomass 
species [135]. Essentially, of the lignocellulosic compo-
nents, lignin contributes the most to char formation, while 
cellulose and hemicellulose contribute most to the volatile 
fraction of pyrolysis products [51]. Biomass with a high 
oxygen content exhibits a high reactivity during pyrolysis, 
which consequently affects the yield and quality of the final 
product. Additionally, biomass with high moisture content 
necessitates more energy for vaporization, which prolongs 
the residence time due to reduced heating rates [134].

Temperature  Temperature significantly influences the pyrol-
ysis product yields and composition. The desired operating 
temperature is selected based on the type of pyrolysis and 
desired product (Table 7). Regardless of the pyrolysis type, 
increasing temperature leads to increased devolatilization of 
biomass and tar cracking, resulting in increased gas yields 
and reduced biochar yields [11, 14, 146]. Increase in temper-
ature also causes secondary cracking of the pyrolytic gases, 
which leads to higher bio-oil yield [147]. Moreover, as the 
temperature increases, the carbon content increases, enhanc-
ing the aromaticity of biochar alongside introducing more 
surface oxygen functionalities in its carbon structure, thus 
improving its suitability as a fuel [128]. The decrease in H/C 
and O/C atomic ratios with increasing pyrolysis temperature 
can be attributed to the removal of H- and O-containing 
functional groups, resulting in biochar with high aromatic-
ity and low polarity [148]. As temperature increases, car-
bon and fixed carbon contents of biochar increase, leading 
to enhanced heating value of biochar [149]. The increase 
in pH with increase in temperature can be attributed to the 

devolatilization of the acidic groups containing oxygen 
through decarboxylation and decarbonylation of the car-
boxyl and carbonyl groups, respectively [150]. The increase 
in electrical conductivity with increase in temperature can 
be attributed to increased detachment of alkali salts from 
organic compounds [148]. Ash content increases with 
increase in temperature due to increased mineralization of 
the mineral matter, which is subsequently converted into 
ash during pyrolysis [151]. Increase in porosity and sur-
face area with increasing temperature can be attributed to 
the greater devolatilization of biochar at higher pyrolysis 
temperature [152]. However, if not carefully considered, 
increase in pyrolysis temperature can lead to the collapse of 
pore structures, resulting in biochar with reduced specific 
surface area [150].

Residence time  Residence time can have a significant effect 
on the yield and quality of pyrolysis products. At longer 
residence times, the vapors in the hot zone of the reactor 
are converted into smaller molecules by cracking or partial 
oxidation, resulting in more gaseous product [153]. More 
biochar is also formed at longer residence times due to repo-
lymerization of the vapors during secondary reactions [154]. 
Conversely, a decrease in residence time results in low bio-
char yields due to insufficient time for repolymerization of 
biomass constituents [134]. Besides biochar yield, residence 
time also affects the quality of biochar, for instance, in terms 
of its surface area, pore structure, proximate and elemental 
composition [155].

Sweeping gas  The type of sweeping gas and flowrate influ-
ence the yield and quality of the pyrolysis products. Inert 
gasses such as N2, Ar, and steam can be used to purge the hot 
pyrolysis vapors. Of these gasses, N2 gas is the most com-
monly used due to its relatively low cost [153]. At a higher 
sweeping gas flowrate, the vapors are rapidly removed from 
the reaction medium, reducing the char yield due to reduced 
repolymerization of the pyrolysis vapors in the reactor zone 
[135]. The gas yields are also lower due to reduced thermal 
cracking of the vapors in the hot zone of the reactor. Con-
versely, lower gas flow rates favor higher char yields, as the 
pyrolysis vapors in the reactor have more time to undergo 
secondary reactions, resulting in more char formation [156].

Heating rate  The rate at which biomass is heated signifi-
cantly influences pyrolysis, impacting product distributions 
and quality. For instance, at higher heating rates, higher 
yields of bio-oil are obtained with low biochar yields [146]. 
This phenomenon occurs because rapid heating reduces 
exposure time of the pyrolysis vapor, limiting secondary 
cracking reactions that would otherwise lead to increased 
biochar/or gas formation. Conversely, slower heating rates 
result in higher biochar yields due to prolonged exposure of 
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pyrolysis vapor to heat, responsible for secondary char for-
mation. However, there exists an optimal heating rate where 
increased residence time fosters secondary decomposition 
reactions, favoring gas formation [157].

Particle size  Particle size plays a crucial role in thermo-
chemical reactions as it affects the distribution of solid, liq-
uid, and gas products. The selection of particle size depends 
on the type of pyrolysis and desired product yields and qual-
ity (Table 6). As particle size decreases, the interparticle and 
intraparticle heat transfer increases, leading to rapid decom-
position of biomass which favors bio-oil production. Con-
versely, as particle size increases, more biochar is formed 
due to increased resistance to release of primary product of 
pyrolysis, which favors secondary cracking to yield solid 
product [135]. However, excessively small particles can 
reduce bio-oil yield, which leads to higher gas yields due to 
rapid decomposition and secondary reactions [157]. Addi-
tionally, very small particles could lead to overheating or 
the particles being blown out of the reactor quickly before 
pyrolysis takes place, resulting in a low biochar yield. Con-
versely, larger particles may suffer from insufficient heat-
ing due to limitations in heat and mass transfer, resulting 
in incomplete pyrolysis [14]. Thus, selecting the optimal 
particle size is necessary to maximize product yields and 
quality from the pyrolysis process.

Pressure  Pressure can significantly influence the pyrolysis 
product yield and quality. For instance, increase in pressure 
above atmospheric level leads to higher yields of biochar and 
syngas due to prolonged residence time of pyrolysis vapor in 
the reactor, which facilitates secondary cracking reactions 
and consequently reducing bio-oil yield [157]. A higher 
pressure also increases the carboxylic groups (–COOH), 
phenolic groups (–OH), lactonic groups (–COO-) and acidic 
groups, while reducing the basic groups (C–H and C–C) 
[154]. This reduction in basic groups is attributed to higher 
pressure inhibiting the precipitation of acidic substances, 
leading to their longer residence time on the biochar surface 
[154]. Operating at high pressures also requires more strin-
gent reactor design and thus higher construction or capital 
costs, alongside high maintenance costs for the pyrolysis 
reactors [158].

Catalyst  The use of catalysts in pyrolysis can enhance bio-
oil yield and quality by reducing oxygenated components 
and carboxylic acids while enriching hydrocarbons [157]. 
Among the catalysts that can be used include silicon, zeolite-
based catalysts, metal oxide catalysts, noble metal catalysts, 
and activated char [129, 130, 157].

6.2.3 � Pyrolysis reactors

Different types of pyrolysis reactors have been designed 
to convert biomass into liquid, solid and/or gaseous prod-
ucts. These include fixed bed, fluidized bed, rotating cone, 
vacuum pyrolysis, microwave, ablative, screw (auger), and 
plasma reactors [160]. Of these, fixed bed and fluidized 
bed reactors are the most widely used [161]. A description 
of each reactor type is given below.

Fixed bed reactor  Figure 10 shows a typical fixed bed pyrol-
ysis reactor. It consists of a cylindrical body and is usually 
designed vertically to leverage the gravitational force for the 
movement of reactants/products through the reactor [162]. 
This technology is simple, reliable, and proven effective 
for fuels with biomass feed particles of uniform size [160]. 
However, the fixed bed reactor suffers from low heating rate 
and non-uniform heating of biomass feed particles due to 
limited heat transfer coefficient and lack of particle mixing 
[162]. Fixed bed reactors are usually operated in batch mode, 
limiting their economic viability. As a result, fixed bed reac-
tors are mainly used for research and small-scale heat and 
power applications [160].

Fluidized bed reactors  Fluidized bed reactor is a vessel com-
prising heated particles such as sand, which attain fluid prop-
erties by passing a fluidizing gas through the distributor to 
the particle bed. Biomass is fed into or above the particle bed 
using a feeder. The fluidized gas causes suspension of the 
biomass particles in the gas stream, facilitating good contact 
between fluid and solid media, and ultimately a uniform tem-
perature gradient in the reactor [162]. Due to efficient heat 
transfer, moderate to very short residence time, and excel-
lent control over pyrolysis reactions, fluidized bed reactors 
are most suitable for fast and flash pyrolysis [164]. They are 
also the most popular configurations used from laboratory to 
commercial scale [160]. Fluidized bed reactors can be clas-
sified as bubbling fluidized bed (Fig. 11a) and circulating 
fluidized bed (Fig. 11b).

In a bubbling fluidized bed (Fig. 11a), the bed media 
material is fluidized from the bottom of the bed via dis-
tributor plates or gas nozzles at velocities of 1 to 3 ms−1 
[166]. This type of reactor allows good temperature con-
trol and very efficient heat transfer to the biomass particles 
due to the high density of solids in the bed [167]. During 
pyrolysis, the non-condensable gas and fine biochar are 
discharged from the upper part of the reactor, while the 
larger biochar remains in the reactor [168]. To prevent the 
catalytic effect of the char, which could lead to undesir-
able secondary reactions and reduce the bio-oil yield, it 
is important to remove the biochar from the reactor. The 
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separated char particles can then be burned to generate 
heat for sustaining the pyrolysis process [169].

In a circulating fluidized bed reactor (Fig. 11b), gas 
superficial velocities are typically higher, and are three to 
five times (5–10 ms−1) the velocity in a bubbling fluidized 

bed reactor [166]. This increased velocity causes char and 
bed particles to be entrained in the gas stream, resulting 
in a higher solids concentration in the freeboard. Using a 
cyclone separator, char and bed particles are separated from 
the gas stream and recirculated back into the reactor. This 

Fig. 10   Typical fixed bed 
pyrolysis reactor (reprinted 
from Production of Bio-oil from 
Fixed Bed Pyrolysis of Bagasse 
by Asadullah et al. [163], pp. 
2514–2520, Copyright (2024), 
with permission from Elsevier)

(a) (b)

Fig. 11   a Bubbling fluidized bed reactor and (b) circulating fluidized bed reactor (reprinted with permission from [165]. Copyright (2024) 
American Chemical Society)
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recirculation extends the residence time of the particles, 
improves the efficiency of carbon conversion, and ultimately 
reduces tar production.

Rotating cone reactor  In a rotating cone reactor, a mixture 
of biomass particles and heat carrier particles, such as hot 
sand, is fed to the bottom of an inverted cone (Fig. 12). The 
pyrolysis reaction is initiated through a combination of heat 
transfer and high-pressure. By rotating the cone at speeds 
up to 600 rpm, the mixed solids are transported upwards by 
centrifugal forces [169]. Residence time can be controlled 
by adjusting the speed of the rotating cone [164]. Vapors 
produced are directed towards the condenser for bio-oil pro-
duction, while the generated biochar is burnt to meet the heat 
requirements [164].

Vacuum reactor  In a vacuum reactor, biomass feedstock is 
pyrolyzed at a pressure of about 15–20 kPa [164, 169]. By 
operating under vacuum, the residence time of pyrolysis 
vapors is reduced, which limits secondary reactions in the 
vapor-phase and enhances bio-oil yields [169]. Due to the 
reduced heat transfer requirements, relatively larger particle 
sizes can be used compared to conventional fast pyrolysis 
[169]. However, vacuum reactors are associated with high 
capital and maintenance costs [164]. Figure 13 illustrates a 
typical vacuum pyrolysis reactor.

Microwave reactor  A microwave reactor consists of a micro-
wave generator, quartz reactor, temperature probe, gas-flow 

regulator, steam generator, and product collection chambers 
(Fig. 14). Designs of microwave reactors include fixed bed 
and fluidized bed. Catalytic microwave-assisted pyrolysis 
can occur in-situ, where the catalyst is mixed with biomass, 
or ex-situ, where the catalyst is heated separately, upgrading 
pyrolysis vapors in an external catalytic reactor supported 
by an external heating source [172]. Microwave pyrolysis 
offers several advantages over conventional technologies, 
including rapid heating, cleaner operation, ease of control, 
modularization for small-scale applications, lower reactor 
surface temperatures due to internal heat generation of the 
material, high energy-to-heat conversion efficiencies (80–
85%), and the use of higher power densities [165]. However, 
disadvantages include limited information on microwave-
relevant properties of waste materials, uneven heating affect-
ing product quality, high electricity costs, electrical hazards 
necessitating containment with an appropriate Faraday cage, 
risk of equipment damage due to presence of metals that 
may generate arcing, and higher investment costs compared 
to the traditional heating systems [165].

Ablative reactor  In an ablative reactor, biomass is brought 
into contact with a hot reaction surface at a temperature of 
about 600 °C [164, 169], as shown in Fig. 15. This high 
temperature is attained by heating the reactor surface with 
hot flue gases generated from the combustion of pyrolysis 
gases or char [167]. The process throughput is limited by 
the amount of heat that can be transferred from the heat 
source to the hot reactor surface [169]. The ablative reac-
tor allows the use of relatively large feed particles, up to 20 
mm, due to the absence of heat transfer limits within the 
particles [164]. When the biomass contacts the hot surface, 
vapors are formed at the interface between the biomass and 
the hot surface. This type of reactor, however, suffers from 
difficulty of achieving sufficient heat transfer from the hot 

Fig. 12   Rotating cone reactor (reprinted from Renewable Fuels and 
Chemicals by Thermal Processing of Biomass by Bridgwater [170], 
pp. 87–102, Copyright (2024), with permission from Elsevier)

Fig. 13   Typical vacuum pyrolysis reactor (reprinted from [171], 
under open access without permission)
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gases to the ablative surface and in contacting feedstock of 
diverse morphologies with the ablative surface. To improve 
the ablation process, the pressure exerted by the biomass on 
the hot surface must be increased. This is usually done by 
centrifugal or mechanical forces or by the mechanical move-
ment of the biomass over the hot surface [169]. Despite its 
potential, ablative pyrolysis is practically limited to a few 
suitable feedstocks [167]. In addition, the mechanical nature 
of the ablative process increases the complexity and cost of 
the process [169].

Screw (auger) reactor  Screw reactors consist of a heated 
tube through which biomass is fed and pyrolyzed (Fig. 16). 

To ensure that no oxygen enters with the biomass, an inert 
gas is fed into the biomass hopper. This gas also creates 
positive pressure to move pyrolysis vapors through the reac-
tor. Smaller diameter tubes can be heated externally, while 
larger-scale operations may use a heated solid heat carrier to 
intimately interact with biomass particles. Steel or ceramic 
pellets are commonly used as solid heat carriers. Pyrolysis 
vapors are condensed into liquid bio-oil, while resulting char 
is transported by the auger to a collection pot. If a solid 
heat carrier is used, it is separated by a sieving system. The 
carrier, heated by the exothermic reaction and reactor tube 
walls, requires reheating for sufficient pyrolysis heat [160].

Fig. 14   Experimental setup of a microwave reactor (reprinted from [173], under open access without permission)

Fig. 15   A typical example of an ablative pyrolysis reactor (reprinted 
from Fast Pyrolysis Processes for Biomass by Bridgwater and Pea-
cocke [174], pp. 1–73, Copyright (2024), with permission from Else-
vier)

Fig. 16   A typical example of a screw (auger) reactor (reproduced 
from [171], under open access without permission)
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Plasma reactor  In a plasma reactor, biomass is fed into 
the reactor and heated under limited supply of oxygen. A 
hot plasma field is created by a high voltage electrical field 
[160]. The plasma is generated by feeding the reactor with 
an inert gas, which also purges oxygen from the reactor 
[164]. Within the plasma zone, there is a high reactivity 
characterized by a significant presence of electrons, ions, 
excited molecules and radiative energy. Upon injection into 
the plasma, biomass undergoes rapid heating, leading to the 
release of volatiles. These volatiles are cracked, producing 
hydrogen and light hydrocarbons. Despite their potential, 
plasma reactors are not widely used due to their high power 
consumption, significant heat release into the environment, 
and the associated high operating costs [160]. Figure 17 
illustrates a typical process flow diagram of a pyrolysis 
plasma reactor.

Table 8 summarizes the advantages and disadvantages 
associated with each type of pyrolysis reactor.

6.3 � Comparative energy consumption

Torrefaction, hydrothermal carbonization and pyrolysis 
require significant energy consumption during the reaction 
stage. Additional energy is consumed during drying of the 
biomass, except for the HTC process. This energy consump-
tion can escalate production costs, impacting the economic 
viability of thermochemical conversion processes. There 
is, thus a need for judicious selection of thermochemical 
conversion processes based on their energy requirements. 
For instance, Gonzalez-Arias et al. [176] found torrefaction 

to be the most preferred in terms of energy consumption if 
only the solid phase is considered, followed by hydrothermal 
carbonization and pyrolysis [176]. Specifically, the energy 
consumption per kg of biochar produced through torrefac-
tion ranged from 5.85 to 20.76 MJkg−1, compared to 8.44 to 
44.88 MJkg−1 for hydrothermal carbonization, and 18.18 to 
155.33 MJkg−1 for pyrolysis [176]. The authors attributed 
the highest energy consumption in pyrolysis to the greater 
severity of the process compared to torrefaction and hydro-
thermal carbonization. Consequently, pyrolysis for solid 
fuel alone may not be economically feasible at industrial 
scale. Combining biochar production with biofuels like gas 
and bio-oil could enhance the economic viability of these 
processes.

7 � Briquetting

Briquetting plays a crucial role in facilitating the handling, 
transportation and storage of torrefied biomass and biochar 
which otherwise occur in loose form with typically low 
bulk density [26, 27]. This process can also be employed to 
address the inherent properties of raw biomass such as low 
density and high moisture content, which make its handling, 
transportation and storage problematic [30]. Briquetting 
can be done with or without the aid of external binders [26, 
177]. Essentially, the particles undergo compaction under 
pressure, leading to mechanical interlocking and increased 
adhesion between particles, forming intermolecular bonds. 
This compaction ensures that there is no risk of separation 
during transportation, storage, or combustion. As a result, 

Fig. 17   Schematic of plasma 
pyrolysis system (reprinted 
from Thermal Performance 
Analysis and Experimental 
Validation of Primary Chamber 
of Plasma Pyrolysis System dur-
ing Preheating Stage using CFD 
Analysis in ANSYS CFX by 
Sharma et al. [175], Copyright 
(2024), with permission from 
Elsevier)
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Table 8   Advantages and disadvantages of different types of pyrolysis reactors [162, 164, 165, 169]

Reactor type Advantages Disadvantages

Fixed bed - Simple design and operation - Low heating rate
- Reliable - Long residence time
- Low cost - Low ash carryover
- High flexibility according to feed size - Non-uniform heating
- Easy maintenance - Low efficiency
- Ease of control - Low bio-oil yield
- Used for different waste types - Quick deactivation of the catalyst in the entrance section 

of feedstock
- Different reaction pathways in different sections of the 

reactor
- Difficulty of the control of the reactions, especially the 

coke formation reaction
Fluidized bed - High heat transfer efficiency - High operating costs

- High reaction rates - Complex design of the reactor and control system
- Uniform heating is possible - Very sensitive to biomass particle size
- High bio-oil yields - Steam reforming can be a problem
- Delayed coke formation compared with fixed bed reac-

tor
- Residual fine char particles in the bio-oil reduce its 

stability and heating value
Bubbling fluidized bed - Simple design and operation - Small size of feed is required

- Flexible temperature control - Char removal is difficult
- Large scale production

Circulating fluidized bed - Mature technology - Biochar removal is difficult
- Flexible temperature control - Not suitable for large production
- Large feed size can be used - Pyrolysis process is complex

Microwave - Large feed size can be used - Feedstock should be in powder form
- The heating of feedstock is quick and efficient - High electric consumption
- Control of the system is simple - Having a hot spot on the surface of the feedstock and 

catalyst is possible
- Flexible temperature control - Possibility of producing unwanted compounds due to 

secondary reactions is high
- Exhibits good control on heat transfer - Pyrolysis reactions not efficient and equal in all parts of 

the feedstock
- Cleaner operation - High flow rate of carrier gas is required to prevent the 

secondary reactions
- Modularization for small-scale applications possible - Not much data available on lab and industrial scales
- High power densities - uneven heating affecting product quality
- High energy-to-heat conversion efficiencies - Electrical hazards necessitating containment with an 

appropriate Faraday cage
- Risk of equipment damage due to presence of metals that 

may generate arcing
- High investment costs compared to traditional heating 

systems
Ablative - Large feed size can be used - High capital cost

- Moderate temperature control - Slow reaction rate
- Irt gas is not required - Produces fine char difficult to remove from bio-oil

- Process throughput limited by the amount of heat that 
can be transferred to the hot surface from the heat source

Screw (auger) - Compact size - Process have moving parts
- Carrier gas not required - Not efficient heat transfer
- Process temperature is low

Plasma - Highly efficient heat transfer, coupled with ease of 
reaching target temperature

- Requires small feedstock size
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the physico-mechanical and combustion properties of the 
fuel briquettes are also improved. The manufacturing pro-
cess of briquettes, includes crushing, mixing with or without 
a binder, briquetting, and finally drying of the briquettes 
[75]. Crushing biomass into smaller particle sizes before 
briquetting is crucial for enhancing inter-particle bond-
ing. Essentially, upon crushing of the material, the lignin is 
partially broken down, increasing the specific surface area 
which ultimately contributes to improved binding capability 
[18]. Crushing also improves the flow of biomass during the 
briquetting process [72].

7.1 � Properties of briquettes

The properties of briquettes include physico-mechanical and 
combustion properties. The physico-mechanical properties 
include density, strength, durability, and water resistance 
capacity, while combustion properties include the proxi-
mate and ultimate properties, heating value, ignition time 
and burning rate [42, 57, 178, 179, 181]. Most of these prop-
erties are briefly discussed in the subsequent sub-sections.

7.1.1 � Physico‑mechanical properties

Density  The density of briquettes can be described in terms 
of bulk density, compressed density, and relaxed density. 
Compressed density is measured immediately after compres-
sion, while relaxed density is determined after the briquette 
has stabilized [182]. Compaction ratio is then obtained as the 
ratio of compressed density to initial density of the mixture 
of biomass and binder [183]. Relaxation ratio is obtained 
as the ratio of compressed density to relaxed density. A 
high relaxation ratio implies more void in the compressed 
materials, while a low relaxation ratio implies more volume 
displacement, which is an important property for packag-
ing, storage and transportation of briquettes [180]. Lower 

relaxation ratios and higher relaxed densities are associated 
with better stability of briquettes [183].

Briquettes with higher densities are generally preferred 
due to their higher energy-to-volume ratio, which improves 
transportation, storage, and handling [181]. However, the 
reduced porosity in high-density briquettes can make them 
harder to ignite [184]. For efficient transportation and safe 
storage, briquettes should have a minimum compressed 
density of 600 kg−3 [183]. The density of briquettes is 
influenced by the density of the original biomass, moisture 
content, compacting pressure, and, to some extent, the bri-
quetting temperature and time [179, 184]. Briquettes made 
from banana plant wastes can have bulk densities ranging 
from 330 to 1010 kgm−3 [57, 181]. depending on factors 
such as the type of waste, binder, briquetting technology, 
and conditions. However, detailed reports on the compressed 
and relaxed densities of briquettes derived from banana plant 
wastes are scarce in the literature.

Strength  The mechanical strength of briquettes is influ-
enced by factors such as particle size, moisture content, 
compaction parameters, and material type [179]. It can 
be expressed in terms of compressive, tensile, ultimate, 
or bending strength, with compressive strength being the 
most commonly reported for briquettes derived from banana 
plant wastes (see Table 9). Compressive strength measures 
a briquette's ability to withstand destructive forces during 
handling, storage, and transportation, indicating the amount 
of force needed to break the briquette [185]. The compres-
sive strength of non-carbonized briquettes from banana plant 
wastes ranges from 1.33 to 38.39 MPa, exceeding the indus-
try’s minimum acceptable level of 0.38 MPa (see Table 9). 
However, there are no available reports on the compressive 
strength of carbonized briquettes.

Durability  Durability represents the measure of shear and 
impact forces a briquette could withstand during their 

Table 8   (continued)

Reactor type Advantages Disadvantages

- Exhibits good temperature control - The working temperature of the reactor is > 1000
oC, making it appropriate for processes like gasification 

process
- Feasible for low and high feeding rates - Not suitable for production of bio-oil as it is not pro-

duced during plasma pyrolysis
- Easy to control composition of gaseous products - High capital and operating costs
- High energy density - High electric consumption
- Good control on heat transfer - Very new technology with very few studies
- Industrial data available for single feedstocks such as 

plastics and hazardous substances
- Possibility of having a hot spot on the waste and reactor 

body is very high
- Necessity of monitoring body strength of the reactor 

continuously due to hot spots
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handling, storage and transportation [182]. In industrial 
production, the minimum acceptable durability is 80% 
[179]. Compared to non-carbonized briquettes, carbonized 
briquettes are more durable [186]. High durability is benefi-
cial for transporting briquettes, as it reduces the production 
of fines or dust, which can pose health hazards and create 
an inconvenient environment for workers [182]. While there 
is no specific limit for fines, a level up to 5wt% is gener-
ally acceptable; more than 5wt% can reduce storage capac-
ity and affect flow characteristics [187]. Durability mainly 
depends on feedstock type, briquetting technology used, and 
process variables [187]. However, studies on the durability 
of briquettes derived from banana plant wastes are scarcely 
reported in the literature.

Water resistance capacity  Water resistance capacity indi-
cates the hydrophobic nature of briquettes [188], with a 
higher water resistance capacity indicating greater stability 
[182]. Briquetting of biomass without a binder is reported to 
result in fuel briquettes with low water resistance capacity, 
and vice versa [184]. However, reports on the water resist-
ance capacity of briquettes derived from banana plant wastes 
are scarce in the literature.

7.1.2 � Combustion properties

Moisture content  Moisture content has a strong influence on 
durability, storage, ignition time, burning rate and heating 
value of the briquettes [187]. Increased moisture content 
prolongs ignition time, as well as reduces burning rate [189]. 
High moisture content leads to wastage of heat energy, as it 
is used to vaporize excess water, resulting in lower heating 
value, increased smoke production, and sometimes causing 
the briquettes to break apart [183, 184]. Additionally, higher 
moisture content increases the risk of rotting and decom-
position, reducing shelf stability [181]. While briquettes 
with low moisture content ignite easily and burn efficiently, 
excessively low moisture content can accelerate burning 
and reduce combustion efficiency [65]. To avoid these chal-
lenges, fuel briquettes should have a moisture content rang-
ing from 5–10% [190]. This can be achieved through careful 
control of the process variables during briquetting [184]. 
The moisture content of fuel briquettes made from banana 
plant wastes varies widely, ranging from 7.17 to 75wt% [57, 
66] (Table 9).

Volatile matter content  Higher volatile matter content eases 
ignition and enhances combustion due to increased chemi-
cal reactivity [181]. However, a high volatile matter content 
reduces energy efficiency, as well as leads to increased emis-
sions production during combustion [176]. Thus, for good-
quality briquettes, a low volatile matter content is required 
[191]. Depending on banana plant waste type, binder type, 

briquetting technology and briquetting conditions, the vola-
tile matter content of uncarbonized briquettes from banana 
plant wastes ranges from 67.19 to 75.3%db (Table 9). For 
carbonized briquettes, the volatile matter content ranges 
from 24.06 to 60.92%db (Table 9).

Fixed carbon content  Fixed carbon content represents the 
percentage of carbon available for combustion after volatile 
matter and ash have been removed from the briquette [192]. 
A higher fixed carbon content is desirable, as it increases the 
heating value of the briquettes [181]. Carbonized briquettes 
derived from banana plant wastes have a higher fixed carbon 
content compared to their non-carbonized counterparts (see 
Table 9).

Ash content  Ash is the inorganic matter left after complete 
combustion of biomass [193]. A high ash content is undesir-
able, as it is incombustible, lowers heating value and compli-
cates handling [181, 194, 195]. Additionally, it increases the 
risk of ash slagging and fouling in thermochemical systems, 
as well as leading to increased emission of particulate mat-
ter during combustion. The ash content of briquettes from 
banana plant wastes ranges from 4.94 to 49.43%df, with car-
bonized briquettes exhibiting higher ash contents compared 
to their non-carbonized counterparts (Table 9).

Heating value  Heating value is one of the most important 
property for determining the suitability of briquette as fuel 
[196]. A high heating value of briquettes indicates that more 
thermal energy is generated during combustion, while a low 
heating value indicates less energy is produced [178]. The 
higher heating value of briquettes derived from banana plant 
wastes ranges from 10.30 to 26.76 MJkg−1 (Table 9).

Ignition time and burning rate  The ignition time is influ-
enced by volatile matter content, as briquettes with a higher 
content ignite easily compared to their counterparts with a 
lower content. Thus, non-carbonized briquettes with typi-
cally high volatile matter content are easier to ignite than 
their carbonized counterparts [186]. Ignition time is also 
influenced by density, as high-density briquettes are harder 
to ignite due to reduced porosity, which hinders oxygen infil-
tration [181]. Burning rate is influenced by the hardness of 
the briquette, with harder briquettes burning more slowly 
[197]. However, there is limited literature on the ignition 
time and burning rate of briquettes made from banana plant 
wastes.

Table 9 provides a summary of the physico-mechanical 
and combustion properties of fuel briquettes derived from 
various banana plant wastes under different briquetting 
conditions.
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7.2 � Factors affecting quality of fuel briquettes

The factors that affect the quality of fuel briquettes have to 
do with the characteristics of feedstock, process variables 
and type of briquetting technology. The characteristics of 
feedstock include moisture content, lignocellulosic composi-
tion, particle size, type and amount of binder, while process 
variables include temperature, pressure, and dwell time [18]. 
Each of these factors are briefly described below.

7.2.1 � Characteristics of feedstock

The characteristics of feedstock influence the quality of fuel 
briquettes in terms of their physico-mechanical and combus-
tion properties. Key characteristics include the proximate 
and ultimate compositions of the feedstock. A high carbon 
content of the feedstock enhances the calorific value and 
mechanical strength of the resultant briquettes [200]. A low 
volatile matter content is desirable to minimize the release 
of emissions during combustion and lower the risk of smoke 
production, though with difficult ignition [200]. A low ash 
content results in a higher calorific value of the briquettes 
and avoids operational challenges such as ash fouling and 
slagging in thermochemical conversion systems. A low ash 
content also makes ignition of the briquette easier, avoiding 
the need for flammable substances such as petroleum to ease 
ignition [201]. Elemental components like nitrogen and sul-
phur influence combustion behaviour, with higher levels cor-
relating to increased nitrogen oxide (NOx) and sulphur oxide 
(SOx) emissions, respectively. The presence of sulphur and 
chlorine further elevates the acidity of the emissions [186].

For densification, moisture content of biomass is crucial, 
as different briquetting technologies require specific mois-
ture contents for their optimal performance. For instance, 
piston and screw presses operate optimally with a moisture 
content of 10-15wt% and 8-9wt%, respectively [202]. A 
lower moisture content weakens interactions between bio-
mass particles, reducing the mechanical properties of the 
fuel briquettes. While an increase in moisture content can 
enhance interactions between particles, the moisture con-
tent should be carefully selected to avoid excessive steam 
generation, which can disrupt compaction and reduce the 
mechanical properties of the briquettes [190]. A high mois-
ture content also hinders complete flattening and release of 
natural binders due to the incompressibility of water [203].

Particle size plays a crucial role in determining the 
quality of fuel briquettes. The recommended particle size 
is ≤ 6 mm, regardless of whether carbonized or non-carbon-
ized briquettes are to be produced [186]. Smaller particle 
sizes result in larger surface areas and increased contact 
points for bonding and ultimately enhanced density and 
shatter resistance of the briquettes [204]. Mixing particles 
of different sizes further enhances the bonding ability, as 

larger particles get filled with the smaller particles to form 
an interlocking bond [186]. Additionally, reducing particle 
size aids in the release of natural binding components like 
proteins, starch, and lignin from biomass, which promote 
cohesion and bonding during compaction [30]. Conversely, 
larger particle sizes reduce surface area and contact points, 
leading to lower density and shatter resistance, ultimately 
resulting in lower-quality fuel briquettes [205].

7.2.2 � Type of binder

Binders are substances of organic or inorganic composition 
that have the ability to link, solidify and connect particles 
of briquette material, giving briquettes solid form and sat-
isfactory mechanical properties [177]. They form a gel with 
water, improving the cohesive characteristic of biomass 
which helps produce a more durable fuel briquette. Bind-
ers also help reduce the wear on production equipment and 
increase the abrasion resistance of the fuel [18]. The influ-
ence of type and amount of binder on the quality of fuel 
briquettes is discussed below.

Binders can be classified as either organic binders such as 
molasses, water hyacinth, banana peels, gum Arabic, lignin 
or inorganic binders such as clay, lime, cement, limestone, 
calcium oxide, bentonite and sodium silicate [205]. Organic 
binders exhibit good adhesion properties but poor thermal 
stability, while inorganic binders exhibit good bonding 
strength due to their higher compressive strength and com-
paction ratio, have good thermal stability, and are hydropho-
bic. However, inorganic binders exhibit a high ash content, 
which reduces heat generation and burnout temperature of 
the biomass [26]. The limitations of organic and inorganic 
binders can be addressed by taking advantage of compound 
binders formed through a combination of organic and inor-
ganic binders [25].

Each of the organic and inorganic binders exhibits spe-
cific pros and cons which should be carefully considered 
during binder selection. For instance, briquettes made using 
organic binders such as molasses exhibit excellent mechani-
cal strength, but they disintegrate upon contact with water 
[206]. Molasses also exhibit a high content of phosphorus 
and sulfur, which could be introduced into the biomass dur-
ing briquetting, raising air pollution concerns upon com-
bustion of the fuel briquettes [26]. Increase in molasses 
mass fraction of the briquette significantly increases its ash 
content, moisture content, relaxed density, shatter index and 
reduces calorific value [207]. Briquettes developed using 
starch as a binder exhibit good hydrophobicity, but they have 
low density and low mechanical strength [26].

Use of clay as a binder increases ash content, reducing 
the combustion efficiency and calorific value of the fuel 
briquettes [205]. The high ash content also leads to opera-
tional challenges in biomass combustion systems, including 
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fouling and slagging. Besides these operational challenges, 
some binders outperform their counterparts due to their 
inherent properties such as higher calorific value [205]. For 
instance, starch-bonded briquettes exhibited a higher calo-
rific value than its counterparts made using waste paper as 
a binder [3]. Some binders are also costly or form part of 
the food chain, limiting their use in the briquetting process.

7.2.3 � Temperature

Temperature affects the feedstock and the die of the bri-
quetting machine before and during the briquetting process 
[72]. In low temperature briquetting, binders are added to 
the feedstock with little/or no lignin content and compressed 
under low temperature and pressure to enhance the mechani-
cal and combustion properties of the resultant fuel briquette. 
Conversely, in high temperature briquetting, a feedstock with 
a high lignin content is compressed under high temperature 
and pressure, releasing lignin which acts as a natural binder 
during the briquetting process [177]. However, once the 
desired die temperature is exceeded (280–290 °C), the fric-
tion between the feedstock and the die wall is reduced, which 
allows densification to occur at lower pressure, producing 
briquettes with inferior properties [202]. Conversely, at low 
die temperature, the friction forces are high, necessitating 
high pressure briquetting which results in briquettes with 
better properties. This process route, however, is associated 
with high power requirements and low throughout [72].

7.2.4 � Pressure

The quality of fuel briquettes is influenced by the compac-
tion pressure applied during the briquetting process, with 
options for high, medium, or low compaction pressures. At 
high pressure, feedstock with high lignin content is com-
pressed, raising the temperature of the feedstock to a level 
sufficient to melt the lignin fraction, which subsequently 
acts as a binder during the briquetting process. However, 
high pressure briquetting is associated with high electrical 
energy consumption and high wear rate of machine parts 
[202]. In medium pressure compaction, additional heating 
of the feedstock is required to melt the lignin fraction, elimi-
nating the need for additional binder [208]. On the other 
hand, at low compaction pressure, the lignin fraction of the 
feedstock is not melted due to a considerably low tempera-
ture of the feedstock. Consequently, addition of a binder is 
required during the briquetting process. This type of briquet-
ting is suitable for materials with little or no lignin content, 
such as carbonized materials. While an increase in pressure 
increases the physico-mechanical properties of briquettes, a 
further increase in pressure beyond a certain limit ceases to 
enhance fuel properties of the briquette [22].

7.2.5 � Dwell time

Dwell time is the the duration for which maximum pressure 
is applied at the peak of the compression sequence [209]. 
This parameter influences the extent of relaxation that occurs 
when the briquette is removed from the die. Typically, the 
length of relaxation of the briquette decreases with increas-
ing dwell time until a certain limit where further increases 
do not significantly affect the final relaxation characteristics. 
In general, a dwell time of 20–40 s produces a briquette 
with minimum relaxation [209]. However, dwell times both 
below and above this range have been reported in various 
studies. For instance, banana peels were compressed with a 
dwell time of 10 s [44, 75], while banana leaves were com-
pressed with dwell times as short as 0.6 and 1 s [198], and 
olive cake with a dwell time of 5 s [210]. On the other hand, 
charcoal particles and pine sawdust were briquetted with a 
dwell time of 300 s [211]. Compared to binder type, dwell 
time impacts has less influence on the overall quality of the 
fuel briquette [212].

7.3 � Briquetting technologies

Briquetting is usually performed using a mechanical piston 
press, hydraulic piston press, roller press or screw press. 
Of these, the hydraulic press is the most widely employed 
for briquetting of banana plant wastes (Table 9). Piston and 
screw presses can be classified as high pressure briquetting 
technologies, with piston presses producing briquettes that 
are completely solid, while screw presses produce briquettes 
with a concentric hole, giving it better combustion character-
istics due to a large specific area [202]. Screw press-derived 
briquettes are also homogeneous, do not easily disintegrate 
and have a high combustion rate [31]. Further description of 
each of these briquetting technologies is given below.

7.3.1 � Mechanical piston press

The mechanical piston press consists of a ram (piston) and 
a die, where biomass is punched by a reciprocating ram 
under high compaction pressure to form a briquette [72] 
(Fig. 18). Mechanical piston presses are used for large scale 
production, typically in the range of 200–1800 kgh−1 [213]. 
Without the addition of a binder, the press can develop a 
compression pressure as high as 2000 kgcm−2, producing 
briquettes with a density > 1000 kgm−3 [18]. A briquette 
string leaves the press while hot, due to the friction in the 
nozzle. The briquette breaks into random lengths depend-
ing on the binding capacity of the raw material. To obtain 
briquettes of uniform length, the briquette string is cut 
either with a saw or a cutter. The cooling and transport line 
mounted on the press influences the quality of the resulting 
briquettes. For instance, the longer a briquette remains in 
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the cooling line, the harder it becomes [213]. Despite the 
numerous attributes of the mechanical piston press, reports 
about its performance with banana plant wastes as feedstock 
could not be found in the literature.

7.3.2 � Hydraulic piston press

The hydraulic piston press functions similarly to the mechan-
ical piston press (Fig. 18), however, instead of the mechani-
cal force, the energy exerted on the piston is generated by a 
hydraulic system that works via a cylinder [215]. It consists 
of a hydraulic cylinder specially designed to generate pres-
sure for compaction of biomass into fuel briquettes. The 
developed pressure, however, is usually limited, resulting in 
briquettes with a density ≤ 1000 kgm−3 [18]. The compacted 
briquette is released once the required pressure is reached. 
Compared to mechanical presses, hydraulic presses exhibit 
a lower output due to the relatively slow movement of the 
hydraulic cylinder. Despite its disadvantages, the hydraulic 
press is the most commonly used technology for briquetting 
banana plant wastes such as banana peels [44, 65, 66] and 
banana leaves [3, 198]. For example, using a hydraulic press, 
banana peels and banana starch (binder) were compacted at 
ratios ranging from 10:1 to 10:2, producing briquettes with 
a compressive strength of 38.01–38.39 MPa [66]. Similarly, 
banana leaves and peels were compacted with banana peels 
as a binder, resulting in briquettes with a higher heating 
value of 13.25 MJkg−1 and compressive strength of 13.4 
MPa [65]. Banana leaves were compacted at 18 MPa and 
compression time of 0.6 to 1 s, producing briquettes with 
a compressive strength of 3.60–5.30 MPa, a higher heating 
value of 17.70 MJkg−1, a bulk density of 990–1000 kgm−3, 
and an energy density of 17,523 MJm−3 [198]. These stud-
ies highlight the promising potential of banana plant wastes 
as feedstocks for briquetting. However, there is still a need 
for comprehensive studies into the physico-mechanical 
properties of briquettes derived from banana plant wastes. 
Moreover, other banana plant wastes, such as rhizomes, 

peduncles, and inflorescences are yet to be explored for bri-
quette production.

7.3.3 � Roller press

Roller presses consist of two cylindrical rollers of the 
same diameter, rotating horizontally in opposite directions 
on parallel axes [26] (Fig. 19). When the ground biomass 
is forced into the gap between the two rollers, it is pressed 
into small pockets, forming fuel briquettes. The counter-
current rotation of the rollers ensures that biomass enters 
from one side and discharges on the opposite side as fuel 

Fig. 18   Piston press (reprinted 
from [214], under open access 
without permission)

Fig. 19   Roller press (reprinted from [214], under open access without 
permission)
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briquette. The quality of the resultant briquette is influ-
enced by a number of factors, including diameter of the 
rollers, gap width, roller force, and shape of the die. The 
bulk density of the resultant briquettes typically ranges 
from 450 to 550 kgm−3 [18]. It is worth noting that limited 
reports on briquetting of banana plant wastes using roller 
press were found in the literature. For instance, using clay 
as a binder, banana bunch waste was carbonized at 350 °C 
and then compacted, producing briquettes with high heat-
ing value, hardness and ultimate strength of 25.06 MJkg−1, 
25.90 kg, and 2.26 kgcm−2, respectively [76]. Banana 
peels were also carbonized at the same temperature and 
compacted, producing briquettes with high heating value, 
hardness and ultimate strength of 27.76 MJkg−1, 23.31 kg, 
and 2.0 kgcm−2, respectively [76]. To optimize the utiliza-
tion of banana plant wastes for briquetting purposes, there 
is a need to direct more research efforts towards optimiza-
tion of the conditions for briquetting banana plant wastes 
using the roller press technology. Comprehensive studies 
into the physico-mechanical properties of the produced 
briquettes are also needed to provide insights which could 
inform the suitability of the respective banana plant wastes 
for briquetting using the roller press technology.

7.3.4 � Screw press

A screw press operates by extruding feedstock continuously 
through a heated taper dye [186]. It comprises a feed port, 
rotating screw, barrel, and die. When the biomass enters 
through the feed port, the rotating screw propels it along the 
barrel towards the die. This process results in a significant 
pressure gradient and friction due to shearing of the bio-
mass. The combined effects of wall friction in the barrel, 
internal friction within the material, and the high rotational 
speed of the screw (~ 600 rpm) increase the temperature of 
the biomass [18]. Binders can be used in a small amount 
for this type of technology, however, at low die temperature 
(200 to 250 °C), a higher amount of binder is required as 
softening of the lignin is not achieved in this temperature 
range [26]. The heated biomass is forced through the extru-
sion die to form briquettes (Fig. 20). The screw press was 
used to co-briquette banana leaves and pseudostems at a die 
temperature of 300 °C, resulting in briquettes with density, 
higher heating value, moisture content, fixed carbon and ash 
contents of 720 kgm−3, 10.30 MJkg−1, 10.33wt%, 27.09%db 
and 48.3%db, respectively [181]. Similar to the other bri-
quetting technologies, there is a need to explore other banana 
plant wastes, as well as investigate comprehensively the 
physico-mechanical properties of the produced briquettes.

Table  10 summarizes the advantages and disadvan-
tages associated with the different types of briquetting 
technologies.

7.4 � Emission potential of briquettes

The conversion of banana plant wastes into briquettes 
offers an environmentally benign solution, by reducing 
carbon footprint and emission of harmful gases like CO2, 
CO, volatile organic compounds (VOCs), H2S, NOx, SOx, 
unburned/or partially burned hydrocarbons (CxHy) and par-
ticulate matter (PM). For instance, cooking with carbon-
ized briquettes reduced emissions of CO2, CO, and PM2.5 
by 60, 72 and 88%, respectively, compared to conventional 
charcoal [218]. Jiao [27] reported lower PM2.5 emissions 
from burning carbonized briquettes compared to raw fuels. 
However, briquettes with high ash content (> 5–20%) tend 
to emit more PM in form of dust particles when burnt [3]. 
Briquettes with such high ash content reported in the lit-
erature include carbonized briquettes from banana peels 
32.52–41.14% [76], banana leaves and pseudostems 48.3% 
[181] and banana bunch waste 41.93% [76]. Compared to 
carbonized briquettes, the non-carbonized briquettes tend 
to produce more smoke due to poor combustion properties 
[186]. To ensure wider adoption, especially amid growing 
environmental concerns, efforts should focus on minimiz-
ing the emission potential of briquettes. Unfortunately, com-
prehensive reports on the emission potential of briquettes 
derived from banana plant wastes could not be found in the 
literature.

8 � Future prospects

Banana plant wastes are lignocellulosic in nature, con-
taining high contents of cellulose and hemicellulose rela-
tive to lignin. However, some studies reported relatively 
high lignin content in specific banana wastes, such as 
pseudostem (37.30%daf) [46] and stalks (20.0%daf) [7]. 
Banana pseudostem fibres were reported to have hemi-
cellulose content as low as 10%daf [54], while elsewhere 
[46], banana pseudostems was reported to have a hemi-
cellulose content as high as 17.5%db. These contrasting 

Fig. 20   Screw press (reprinted from [216], under open access without 
permission)
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results point to a wide variation in properties of banana 
plant wastes, even within the same type. This wide vari-
ation in properties may be due to differences in growth 
conditions, maturity stage and geographical origin [82]. 
Despite these insights, banana plant wastes such as rhi-
zome and inflorescences are yet to be characterized for use 
in thermochemical conversion processes. Future studies 
should, therefore, explore these wastes for their potential 
utilization in thermochemical conversion processes.

Of the thermochemical conversion processes, pyroly-
sis is the most widely employed process for valorising 
banana plant wastes (see Tables 5 and 7). Notably, reports 
on torrefaction of banana plant wastes specific to the sub-
Saharan African context are scarce in the literature, which 
can hinder their tailored application in biofuel production. 
Pyrolyzed banana plant wastes are the most widely used 
for briquette production compared to its torrefied coun-
terparts (see Table 10). Future studies should evaluate the 
feasibility of briquetting torrefied banana plant wastes.

During thermochemical processing for solid biofuels as 
biochar, bio-coal or hydrochar, a significant portion of the 
lignocellulosic components is lost as volatiles. While these 
volatiles hold potential value as biofuels in the form of 
syngas or bio-oil, studies investigating their co-production 
with the solid biofuels are still scarce in the literature. 
Therefore, future studies could explore the possibility 
of co-production of biofuels from various banana plant 

wastes, which could potentially enhance the economic 
viability of thermochemical conversion processes.

As the production of biofuels from banana plant wastes 
gains traction, concerns about raw material shortages may 
emerge due to seasonality and competing uses of the feed-
stocks. Research efforts to address this challenge have been 
made, including co-briquetting of banana plant wastes with 
other agricultural residues [65, 183, 184, 186, 207]. How-
ever, co-thermochemical conversion of banana plant wastes 
with other agricultural wastes remains scarcely reported in 
the literature. Future studies should investigate this possibil-
ity to ascertain the impact of this approach on the conversion 
process in terms of yields and quality of the solid, liquid and 
gaseous products.

The hydraulic press is the most commonly used technol-
ogy for briquetting banana plant wastes. Depending on fac-
tors such as binder-to-biomass ratio, dwell time, and com-
paction pressure, this method can produce briquettes with 
compressive strengths ranging from 1.33 to 38.39 MPa [3, 
66]. With other briquetting technologies, including manual 
mould [75], roller press [76] and screw extruder [181], 
reports on the mechanical properties of briquettes derived 
from banana plant wastes could not be found in the litera-
ture. Consequently, there is a need for comprehensive stud-
ies on the physico-mechanical properties of fuel briquettes 
derived from banana plant wastes. However, briquettes can 
have ash content as high as > 20%db [76, 181], which not 

Table 10   Advantages and disadvantages of different types of briquetting technologies [18, 26, 28, 217]

Briquetting technology Advantages Disadvantages

Mechanical piston press - Exhibits a higher throughput - Tolerates moisture contents ≤ 15%
- Briquettes exhibit higher unit densities -
- Energy loss in the machine is low
- Operating life considerably longer
- Better return on investment

Hydraulic piston press -Tolerates higher moisture contents than 
the mechanical piston press

- Developed pressure is limited, leading to briquettes with lower unit 
densities

- Light and compact - Requires binder
- low throughput (50–400 kghr−1) due to the relatively slow movement of 

the hydraulic cylinder
- Operating life considerably shorter
- Lower return on investment

Roller press -Moderate combustion performance - Requires binder
-Low maintenance requirements - High wear of contact parts

Screw press -Low capital, and operation costs - Low pressure developed
-Briquettes do not disintegrate easily - Low production capacity (between 5 and 50 kghr−1)

- Requires binder
- High specific energy demands compared to piston presses
- Substantial wear on the screws
- High maintenance costs
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only reduces their calorific value, but also leads to increased 
emission of particulate matter during combustion. For 
enhanced fuel properties, banana plant wastes with inher-
ently high ash content need to be pretreated prior to their 
thermochemical conversion and/or densification.

Binders are an important component of the briquet-
ting process as they improve the cohesive characteristic of 
biomass, producing more durable fuel briquettes. Organic 
binders have mostly been used for briquetting banana plant 
wastes, including banana peels [65], molasses [44], banana 
starch [66], waste paper [3], cassava starch [3], starch-based 
adhesive [199]. On the other hand, the use of inorganic bind-
ers has been mainly limited to clay [76]. Given a wide range 
of inorganic binders available, the use of alternative inor-
ganic binders should be explored to find the most effective 
binders for briquetting of banana plant wastes. Moreover, 
both inorganic and organic binders have their limitations, 
which can be overcome by using composite binders, for 
instance, banana peels, waste paper and clay [221]. Unfor-
tunately, studies exploring the use of composite binders in 
the production of fuel briquettes from banana plant wastes 
are rare in the literature. Future studies should investigate 
this possibility to find the best combinations of organic and 
inorganic binders suitable for producing briquettes with bet-
ter fuel properties.

Using torrefied and pyrolyzed banana plant wastes as 
fuels in combustion facilities may have positive environ-
mental impacts, as they produce lower emissions of pri-
mary pollutants compared to raw biomass [45]. Reports to 
provide deeper insights into the emission potential of using 
the torrefied and pyrolyzed wastes are limited. A review 
of the literature found only one study by Mopoung et al. 
[76] that examined dust and CO emissions from briquettes 
made from banana peels and banana bunch wastes. More 
comprehensive studies are needed to better understand the 
emission profiles of converting banana plant wastes into bio-
fuels, particularly for pollutants like CO2, H2S, SO2, NOx, 
NO, NO2, and CxHy. Such research could inform strategies 
to minimize emissions and encourage broader adoption of 
these technologies, especially given the growing focus on 
environmental protection. Lastly, while thermochemical 
conversion and briquetting of banana plant wastes may incur 
significant costs, these could be offset by the low cost of the 
raw materials, improved fuel properties, and better handling, 
transportation, and storage.

9 � Conclusion

This review article delves into the current progress on tor-
refaction, hydrothermal carbonization, pyrolysis and bri-
quetting of banana plant wastes for fuel. The article high-
lights the properties of different banana plant wastes, their 

potential pretreatments and suitability for pyrolysis, torre-
faction, hydrothermal carbonization and briquetting. These 
processing techniques are also comprehensively discussed, 
including various reactor types and briquetting technolo-
gies, their operational requirements and performance with 
different banana plant wastes as feedstocks. Banana plant 
wastes are rich in cellulose and hemicellulose but low in 
lignin, making them better suited for producing syngas and 
bio-oil compared to solid biofuels like biochar, bio-coal, or 
hydrochar. Of the thermochemical conversion processes, 
pyrolysis is the most widely employed process for valoris-
ing the banana plant wastes. Notably, reports on torrefaction 
of banana plant wastes specific to the sub-Saharan African 
context are scarce in the literature, which can hamper their 
tailored application in biofuel production. The hydraulic 
press is the most commonly used technology for briquetting 
banana plant wastes. Depending on factors such as binder-
to-biomass ratio, dwell time, and compaction pressure, this 
method can produce briquettes with compressive strengths 
ranging from 1.33 to 38.39 MPa. With other briquetting 
technologies, including manual mould, roller press and 
screw extruder, reports on the mechanical properties of bri-
quettes derived from banana plant wastes could not be found. 
Consequently, there is a need for comprehensive studies on 
the physico-mechanical properties of fuel briquettes derived 
from banana plant wastes. Briquettes from banana plant 
wastes can have ash content as high as > 20%db, which not 
only reduces their calorific value, but also leads to increased 
emission of particulate matter during combustion. For 
enhanced fuel properties, banana plant wastes with inher-
ently high ash content need to be pretreated prior to their 
thermochemical conversion and/or densification. Overall, 
this review offers a comprehensive perspective of research 
on thermochemical processing and briquetting of banana 
plant wastes, providing direction for future research aimed 
at advancing the use of these resources for energetic applica-
tions while addressing environmental concerns.
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