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A B S T R A C T   

The use of coal for energy generation is facing serious scrutiny because of environmental concerns. As a result, 
there is a growing global interest in biomass, a renewable and readily available energy source. However, the 
utilization of biomass comes with significant drawbacks, including its heterogeneity, low bulk density, and 
calorific value. Biomass also has a low energy content, high moisture, poor grindability, and high volatile matter, 
which affect its handling, bulk transportation, and storage. Torrefaction technology has been employed in 
previous works to improve the properties of biomass for subsequent handling and transportation and for low-cost 
energy generation. Since coal is a promising precursor for energy generation, it is imperative to compare the 
physicochemical properties of coal with that of torrefied biomass. Therefore, this study aims to conduct a 
comprehensive comparison between various grades of coal and torrefied biomass. The review revealed that 
torrefied biomass could replace coal, as its properties are similar to those of coal, except for high-grade coals. The 
proximate and ultimate analyses of coals (lignite and bituminous) were found to be comparable to various 
torrefied biomass materials. The fuel ratio (0.5–2.0), and higher heating values (16,100–19,000 kJ/kg) of coal 
and torrefied biomass were within the range useful for coal-fired plants. Additionally, ash analyses, ash fusion 
temperature, hygroscopic tendency, functional group study, and microstructural comparison were reviewed in 
this study. The results from various studies have shown close similarities with only small disimilarities in the fuel 
properties between coal and torrefied biomass. Therefore, torrefied biomass is proposed as a complimentary 
feedstock to coal in various applications.   

1. Introduction 

Torrefaction is a thermochemical conversion process that subjects 
biomass to thermal treatment to produce high-quality solid biofuel [1]. 
The resulting fuels are reported to exhibit combustion properties com
parable to those of fossil fuels, especially coal. Coal, a prominent pri
mary fossil fuel, is characterized by its carbon content and typically 
exhibits a brownish appearance [2]. The use of coal in various 

applications is accompanied by several hazards, beyond those related to 
its mining and preparation. A significant challenge is the pollution 
resulting from the use of coal, as the emitted gases are toxic and harmful, 
posing a threat to the stability of the ecosystem [3]. 

Due to the carbon richness of coal, which has been widely 
acknowledged, concerted efforts have been geared towards finding 
better alternatives, especially the ones that will be suitable and serve the 
same purpose as coal does. In addition, the fact that coal is a non- 
renewable source of energy poses a serious concern to its continuous 
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utilization. Moreover, the consistent use of coal in power plants 
worldwide has brought it close to extinction just like any other non- 
renewable energy, thus justifying the need for other eco-friendly alter
natives [3]. 

Biomass, especially lignocellulosic materials, stands out as a prom
ising substitute for coal due to its renewable nature and the ability to 
provide a similar energy output while significantly reducing greenhouse 
gas emissions [4,5]. Annually, approximately 181.5 billion tonnes of 
lignocellulosic biomass, including crop residues, wood, and grass, are 
produced globally justifying its availability [1]. Considering the 
constantly increasing world population (annual growth rate of 1.09 %) 
and energy consumption (2 % each year), biomass energy utilization 
could contribute towards addressing the energy demand of the world [6, 
7]. However, lignocellulosic biomass is characterized by its heteroge
neous composition, hygroscopic nature, low calorific value, and low 
bulk density [5,6]. These characteristics pose challenges during 
handling, bulk transportation, and storage. To mitigate these issues, 
torrefaction processes are employed as pretreatment methods to 
enhance the properties of biomass materials for easier handling, trans
portation, and conversion into fuels and value-added chemicals. It is 
important to note that torrefaction does not replace conventional 
methods like gasification and pyrolysis; rather, it serves as a comple
mentary method to improve biomass properties for its subsequent use in 
producing green fuels and sustainable chemicals. 

Several researchers have performed torrefaction studies on various 
biomass for solid fuels production [3,8–10]. For instance, Nunes et al. 
[3] presented a case study that demonstrates the practical application of 
torrefied biomass in power plants. Adeleke et al. [9] reported a 
comprehensive review of torrefaction as a promising biomass pretreat
ment strategy. The authors noted the potential areas where torrefied 
biomass could be useful including densification into pellets and bri
quettes as well as energy generation [9]. Chen et al. [10] compared the 
gasification performance of raw biomass, torrefied biomass, and coal. 
Their results reveal that torrefaction significantly enhances the gasifi
cation performance of biomass for syngas production. Additionally, 
excellent reviews related to biomass torrefaction have been reported in 
literature [11–13]. For instance, Chen et al. [11] reported recent ad
vances and progress in biomass torrefaction. The authors performed a 
detailed review of literature and discussed the trends in practical 

torrefaction development and environmental performance [11]. In 
another detailed review, Thengane et al. [12] focus on the kinetics, 
particle and reactor scale models, and reactor designs of biomass tor
refaction systems. Tumuluru et al. [13] presented a comprehensive re
view of studies that reported the influence of torrefaction on product 
quality in terms of the physicochemical composition and storage 
behavior of the biomass. Despite the significant body of literature on 
biomass torrefaction, a comparative analysis of the combustion and fuel 
properties as well as the physicochemical properties of torrefied biomass 
and various types of coal is scarcely reported in literature. While the 
majority of the previous studies concluded that torrefied biomass is a 
clean energy source, which is the aim of the United Nations’ Sustainable 
Development Goal 7 (SDG 7). They do not present information on how 
biomass torrefaction improves the properties of biomass comparable to 
that of coal. It should be noted that the suitability of any fuel for power 
generation requires an in-depth understanding of its combustion and 
fuel properties. This knowledge guides users in applying the fuel for 
specific purposes effectively. Therefore, the present study attempts to fill 
the knowledge gaps by providing a meticulous review of the literature to 
compare the combustion, fuel, and physicochemical properties of coal 
and torrefied biomass. These comparisons are crucial to understand 
their efficiency, environmental impact, and suitability for energy pro
duction in a transition towards more sustainable fuel sources. The aim of 
the study is achieved by reviewing a wide range of studies and by 
comparing previous findings on torrefied biomass and various types of 
coal. This comparison will assist in guiding pilot and industrial experi
ments, proving highly beneficial to industries and policymakers who are 
considering the adoption of torrefied biomass as a partial or complete 
substitute for coal in energy and metallurgical applications. Based on 
these considerations, the suitability of torrefied biomass as an effective 
replacement for coal has been established. The entire study is structured 
as follows: Section one describes the introduction while sections 2–4 
provide a comparative analysis of the fuel and combustion properties as 
well as the physicochemical properties of biomass and coal. Section 5 
introduces the FTIR comparison as a means of juxtaposing between the 
functional groups. Section 6 compares the hydrophobicity property. 
Sections 7 and 8 compare the physical properties such as grindability 
and visible microstructure. Section 9 compares various energy applica
tions of coal and torrefied biomass. The final section provides the 

Abbreviations meaning 

A Ash 
C Carbon 
DT Deformation Temperature 
EMC Equilibrium Moisture Content 
FC Fixed Carbon 
FR Fuel Ratio 
FT Final Fusion Temperature 
FTIR Fourier Transform Infrared 
H Hydrogen 
H/C Hydrogen/Carbon 
HGI Hardgrove Grindability Index 
HHV High Heating Value 
HT Hemispherical Temperature 
HTM Highly Torrefied Material 
IDT Initial Deformation Temperature 
LTM Lightly Torrefied Material 
M Moisture 
N Nitrogen 
NR Not Recorded 
O/C Oxygen/Carbon 
O2 Oxygen 

RB Raw Biomass 
S Sulfur 
SEM Scanning Electron Microscopy 
ST Softening Temperature 
TB Torrefied Biomass 
TTBGI Thermally Treated Biomass Grindability Index 
VM Volatile Matter 
WDPT Water Drop Penetration Time 
Symbols and Units Meaning 
% Percentage 
kJ/kg Kilojoule per kilogram 
oC Degree Celcius 
wt.% Weight percent 
cm− 1 Per unit centimetre 
h Hour 
min Minute 
MW Megawatt 
kW Kilowatt 
Ɵ Static Water Contact Angle 
Subscript Meaning 
el Electric 
th Thermal  
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authors perspectives, conclusions, and recommendations for future 
studies. 

2. Comparative analysis of the proximate, ultimate, heating 
values, and compositional analysis of coal and torrefied biomass 

The properties of biomass and coal with respect to location, species 
type, cultivation, processing conditions, torrefaction approach, and or 
refining strategy are non-homogeneous. In this regard, the energy 
research community has pragmatically established that extracting in
formation from fuel to parametrically have a better understanding of its 
behavior as per elemental composition, elemental stoichiometry, ther
mal properties, combustibility, and flammability is important. These 
will serve as pointers to the performance and environmental risks 
involved in their usage. For instance, the N and S contents are significant 
pointers to NOx and SOx emissions [1]. 

The evaluation of combustion, co-combustion, devolatilization, and 
decomposition behaviour can be conducted through three fundamental 
measurements: proximate and ultimate analysis as well as the heating 
value analysis. In exploring the potential of producing charcoal from 
coconut shells, proximate, ultimate, and heating value analyses were 
performed by Kabir et al. [2]. These analyses, also conducted on torre
fied biomass for coal-fuel power plants [3], coal and non-woody biomass 
[4], forest tree species [5], Megathyrsus maximus [6], selected lignocel
lulosic biomass [7], and Digitaria sanguinalis [8], demonstrated that 
biomass can be a useful source of clean energy, helping to prevent the 
release of toxic emissions [9]. 

Proximate analysis is a key method for evaluating and characterizing 
biomass and coal for thermal conversion. It reveals the percentage 
proportion of the material that combusts in the solid state (fixed car
bon), in a gaseous state (volatile matter), and the percentage of the 
inorganic waste material (ash content) alongside the percentage of 
moisture [10]. Several studies have reported the proximate, ultimate, 
and HHV analyses of various biomass materials [14–16]. These include 
Malaysian oil palm waste [14], municipal solid waste [15], distillery 
sludge and bio-compost [16], lignocellulose biomass [17], sewage 
sludge and beverage waste [18], orange bagasse [19], banana 
pseudo-stem [20], and coppice willow [21]. Evaluating these properties 
is crucial because they significantly affect combustion processes and the 
design of plant infrastructure, making them highly relevant for fuel 
usage [22]. 

Compared to the proximate analysis, the higher heating value (HHV) 
assessment shows the amount of energy in biomass or coal that is 
released as thermal energy upon combustion, and this determines the 
energy value of a fuel [23]. The HHV governs the fuel’s energy potential 
and potential as feedstock for subsequent thermochemical conversion 
processes [24]. Hence, it serves as a key parametric factor in the eval
uation and choice of biomass material as a source of fuel [25,26]. Studies 
have shown that the predictions of HHV of biomass are actualizable 
through different techniques including regression analysis [24], ma
chine learning algorithms [27], support vector machines [28], and 
experimental methods [29]. The HHV obtained in a study by Bot et al. 
[30] and Inayat et al. [31] revealed the potential energy achievable 
when the biomass is used as briquettes. The HHV of municipal solid 
waste was also modeled by Ibikunle et al. [32]. It should be noted that 
pyrolysis process parameters have an influence on the HHV of biomass 
[33]. Thus, HHV plays a crucial role in the operational process layout 
[34], mathematical modeling [35,36], predictions [37,38], and simu
lation analysis of energy plants [39]. 

Ultimate analysis is another important biomass characteristics that 
reveal information about the elemental composition of biomass [40] as 
well as its quality [41,42]. It is employed to quantify the percentage of 
hydrogen, nitrogen, oxygen, carbon, sulfur, and sometimes chlorine and 
fluorine in biomass and coal [43,44]. The ultimate analysis is useful in 
predicting the HHV of biomass [45]. This ultimate analysis is also 
essential for gasification processes because it enables the determination 

of the volume of steam needed and the H/C ratio of a fuel [46,47]. Ul
timate analysis is also essential for assessing its energy content and 
environmental impact upon combustion. 

The proximate and ultimate analyses performed on biomass, torre
fied biomass, and coal provide baseline information for evaluating their 
effectiveness and applicability for power generation [48,49]. While 
compositional analyses of biomass such as hemicellulose, cellulose, and 
lignin determination are essential in evaluating its suitability for biofuel 
production, evaluating the proximate, ultimate, and HHV are also useful 
to predict biomass energy utilization potential [50]. Biomass can be used 
for energy generation or biofuel production through processes such as 
hydrothermal liquefaction [51], thermal process [52], thermochemical 
processes [53], and plasma co-gasification [54]. Both biomass (raw and 
torrefied) and coal could be used as precursors for these processes. 
Therefore, they are characterized for their physiochemical properties 
[55], and combustion properties [56], while non-isothermal kinetic 
parametric evaluations are also performed [57,58] prior to their 
utilization. 

In a study by Singh et al. [59], pet coke was mixed with rice straw to 
produce fuel for power generation. The physicochemical and combus
tion characteristics of the fuel developed were investigated. The findings 
reveal that while pet coke is a great precursor for power generation, its 
combination with rice straw is more desirable. Empirically speaking 
from the survey of diverse studies, torrefied biomass (TB) and coal share 
some similarities as the torrefaction process improves the quality of 
biomass. The disparities between TB and coal as fuel have been almost 
infinitesimal as rigorous efforts are deployed to ensure that TB out
matches coal fuel quality to boost the actualization of sustainable 
development goals number seven (7) and eleven (11). The goals aimed 
at ensuring access to clean and affordable energy in cities that are in
clusive, safe, resilient, and sustainable. For example, in a co-firing 
comparative study conducted by Sher et al. [60], it was reported that 
there is appreciable dissimilarity in the percentages of FC, ash, and VM 
of the two torrefied (low and medium temperature) beech wood 
compared to EI Cerrejon coal. 

It has been noted that an increase in ash content can raise the 
operating and maintenance costs of combustors while decreasing the 
HHV. The ash content of low-temperature biomass was reported to be 
1.12 %, slightly lower than that of high-temperature beech wood (1.15 
%). This is significantly lower than the ash content in El Cerrejon coal, 
which stands at 14 %, indicating the suitability of TB for combustion. 
Moreover, TB has a low sulfur content (<0.03 %) compared to 
approximately 0.5 % in El Cerrejon coal, as revealed in the ultimate 
analysis. A notable disparity in elemental composition and proximate 
analysis was also observed by Trubetskaya et al. [61] between anthra
cite coal, torrefied olive stems, and woodchips. According to their ana
lyses (presented in Tables 1 and 2), anthracite coal is less volatile and 
less reactive than torrefied olive stems, due to its higher carbon per
centage. However, the nitrogen level in anthracite coal (1 %) is com
parable to that of the torrefied olive stem (1 %), whereas its sulfur 
content is higher, similar to El Cerrejon coal, compared to the torrefied 
olive stem and woodchip [61]. 

Panahi et al. [67] also explored six TB (Corn straw, Miscanthus, 
Sugar-cane bagasse, Distiller’s Dried Grains with Soluble-DDGS, Rice 
husk, and Beechwood) for co-firing. The result of HHV and proximate 
analyses are in line with those reported for torrefied Annona squamosa 
peel [63], Sugarcane bagasse [94], barley straw and cumin stalks [98], 
and passion fruit peel waste and pineapple peel waste [74]. However, 
these results differ from the reported data of Inner Mongolia lignite, 
Jinjie bitumite, and Ningxia anthracite coal [88] and are in very close 
range with that of Utah bituminous coal [82], Kaltim prima and Sinjai 
Indonesia coal [81]. 

In the ultimate analysis of the six types of torrefied biomass (TB), 
only Miscanthus and DDGS exhibit high sulfur contents of 0.47 % and 
1.00 %, respectively, levels that are roughly equivalent to those of most 
coals as reported in Table 2. The parametric values for beech wood fuel 
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align with those reported by Sher et al. [60]. Additionally, unlike the 
other coals and TB listed in Table 1, Kaltim Prima and Sinjai coals [88] 
have a notably high moisture content. Sinjai coal [88] and torrefied rice 
husk [67] are characterized by a high ash content, which could 
complicate their management in terms of shipping, stowing, grinding, 

combustion, and the potential for environmental pollution [81]. 
Among the fuel samples listed in Table 1, Zhundong coal properties 

reported by Xin et al. [101] stands out with an unmatched HHV of 54, 
630 kJ/kg. However, its moisture content remains a concern, similar to 
that of Shengli lignite [91], and Kaltim Prima and Sinjai coal [88]. Xiao 

Table 1 
Comparative proximate analysis, fuel ratio, and higher heating value of different torrefied biomass and coal samples. Note thata indicates wet basis while all others 
represents dry basis.  

Fuel sample A (%) FC (%) M (%) VM (%) FR HHV (kJ/kg) References 

Torrefied biomass 
Mangifera indica seeda 16.70 4.70 NR 78.60 0.06 29,000 [62] 
Annona squamosa peel 7.60 10.50 NR 82.00 0.13 23,300 [63] 
Passiflora edulis shella 10.10 11.50 NR 78.30 0.15 26,000 [62] 
Passiflora edulis shell 11.23 13.0 NR 78.30 0.15 26,000 [62] 
Pine wood chips 1.02 15.70 5.70 77.60 0.20 NR [64] 
Rubber wood 3.60 17.90 NR 78.60 0.23 21,390 [65] 
Bamboo wood chips 1.45 20.70 6.40 71.50 0.29 NR [64] 
Mango seeds 7.80 20.74 NR 71.45 0.29 24,842 [66] 
Avocado seeds 9.90 20.74 NR 69.36 0.30 26,513 [66] 
Oak wood chips 0.47 21.00 3.20 75.40 0.28 NR [64] 
Low-temperature torrefied beech wood 1.12 21.00 3.00 77.88 0.27 21,058 [60] 
Corn DDGS 7.45 21.09 NR 71.46 0.30 23,700 [67] 
Rice husk 22.80 21.58 NR 55.62 0.39 16,100 [67] 
Groundnut stalka 5.54 21.59 2.01 70.86 0.31 19,680 [68] 
Groundnut stalk 5.86 27.53 2.05 70.86 0.31 19,680 [68] 
Spent coffee grounds 1.35 21.89 NR 76.76 0.29 22,420 [69] 
Miscanthus 2.70 22.30 NR 75.00 0.30 20,100 [67] 
Sugarcane bagasse 2.71 23.49 NR 73.74 0.32 20,300 [67] 
Ananas comosus peel 9.70 23.90 NR 66.40 0.36 27,700 [63] 
Wheat strawa 14.90 23.90 2.50 58.57 0.41 18,760 [68] 
Wheat straw 17.50 31.40 2.56 58.57 0.41 18,760 [68] 
Corn straw 7.89 24.56 NR 67.55 0.36 19,400 [67] 
Gliricidia wood 9.20 25.50 NR 65.3 0.39 22,440 [65] 
Medium temperature torrefied beech wood 1.15 27.00 2.38 71.85 0.38 21,698 [60] 
Beechwood 0.50 27.30 NR 72.20 0.39 20,900 [67] 
Spent coffee grounds 0.86 28.30 NR 70.80 0.40 29,500 [70] 
lychee seeds 10.81 32.47 NR 56.71 0.57 25,241 [66] 
Palm kernel shella 5.22 35.00 8.40 51.40 0.68 22,280 [71] 
Rice husk 23.40 35.30 NR 41.30 0.85 19,000 [50] 
Olive kernel 3.90 37.8 4.0 54.3 0.70 25,497 [72] 
Canola residue 10.40 39.90 0.2 49.60 0.80 22,300 [73] 
Passion fruit peel waste 14.02 40.19 3.88 45.79 0.88 20,780 [74] 
Sugar cane bagasse 3.95 44.04 NR 51.85 0.85 24,010 [75] 
Sugarcane leaves 20.09 46.53 2.36 31.03 1.50 21,610 [76] 
Rubberwood 3.83 52.42 0.73 43.75 1.20 27,170 [77] 
Pineapple peel waste 8.10 52.95 3.73 38.95 1.36 22,970 [74] 
Sugarcane bagasse 6.32 57.29 1.21 35.18 1.63 25,240 [76] 
Acacia nilotica wood 1.87 60.40 0.88 36.84 1.64 24,760 [78] 
Patula pine 0.93 70.48 NR 28.59 2.47 23,900 [79] 
Coconut Shells 0.81 83.90 1.10 14.20 NR 32,150 [80] 
Coal 
Sinjai coal 52.41 13.96 10.09 23.54 0.59 16,489 [81] 
Kaltim Prima Coal 3.77 37.01 16.11 43.10 0.86 17,409 [81] 
Utah bit 16.20 37.60 4.15 42.00 0.89 24,500 [82] 
Wucaiwan coal 4.89 46.98 14.88 33.25 1.41 NR [83] 
Tianchinengyuan coal 4.10 47.77 18.54 29.59 1.61 NR [83] 
Sebuku bit. 12.10 47.90 0.90 39.10 1.23 27,650 [71] 
Bit 13.44 49.72 0.92 35.92 1.38 29,868 [84] 
Wudong coal 15.46 51.13 2.97 30.44 1.68 NR [83] 
Shenmu bit 7.68 52.31 8.12 31.89 1.64 24,440 [85] 
Shenmu-shaanxi bit 11.18 52.52 7.98 28.32 1.85 21,480 [86] 
Tangkou bit 9.83 53.00 2.32 34.85 1.52 NR [87] 
Jinjie bit 9.67 54.67 3.58 36.98 1.48 30,820 [88] 
EI Cerrejon bit 14.00 55.00 2.25 31.00 1.77 28,134 [60] 
Colombian hv bit 0.70 56.10 NR 43.20 1.30 32,200 [89] 
Inner Mongolia lig 10.96 56.58 3.86 33.58 1.68 30,230 [88] 
Hefeng sub 21.18 57.19 5.88 42.81 1.34 NR [90] 
Shengli lig 9.48 61.81 17.50 38.19 1.62 NR [91] 
Changping lv bit 27.58 62.87 1.86 8.49 NR 24,940 [92] 
Shaanxi lv bit 4.89 65.64 4.61 34.36 1.91 NR [93] 
Jincheng ant 16.11 77.83 2.78 3.28 NR 26,110 [85] 
Ningxia ant 6.70 84.99 0.82 8.10 NR 33,110 [88] 

NR = not recorded, ant-anthracite, lv, low volatile, bit-bituminous. 
a
= wet basis; A = ash; FC = fixed carbon; M = moisture; VM = volatile matter; FR = fuel ratio; Note that the wet basis has been converted to dry basis using the 

expression: Mdry = Mwet (100/(100-Mdry)). Where Mdry and Mwet represent the property of the dry and wet basis respectively. 
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et al. [83] also investigated three types of coal (Wucaiwan, Tianchi
nengyuan, and Wudong coals). The coals were very similar in empirical 
and elemental properties, except that the Wucaiwan and Tianchi
nengyuan coal have high moisture contents while Wudong coal has high 
ash content [83]. However, there are huge dissimilarities in both 
properties of the three coals when compared to torrefied spent coffee 
grounds [69], especially with the FC, VM and oxygen contents reported 
as 21.89 %, 76.76 % and 36.88 % respectively (see Tables 1 and 2). 
Interestingly, the properties of torrefied spent coffee grounds recorded 
by Nepal et al. [69] are consistent with those reported by Barbanera and 
Muguerza [70] and Sermyagina et al. [106], but lower in HHV when 
compared with spent coffee grounds (29,500 kJ/kg) [70], and marula 
seeds (27, 900 kJ/kg) [107]. It is also lower compared with that of 
Melina wood (31,080 kJ/kg) and teak wood (28,860 kJ/kg) [108]. The 
torrefied biomass has closely related HHV with some of the coals re
ported in Table 1. 

Chen and Jhou [109] investigated the production of biofuels that 
were analogously comparable to coal to lessen reliance on fossil fuels. 
The biofuels’ comparativeness to coal was assessed by juxtaposing their 
HHV, element composition, proximate analysis data, and combustibility 

profile. The study empirically established that there was a striking 
parallelism of about 55 % and that the most comparable sample was the 
one containing an equal mixture of torrefied pine sawdust and spent 
coffee grounds, which was 62 % the same as coal. Similarly, Chen et al. 
[110] established in their study that the closeness of the disparity gap 
between TB and coal is a function of the torrefaction temperature. 

The chemical composition including the cellulose, hemicellulose and 
lignin of TB and coal is also compared and presented in Fig. 1 [110]. The 
figure displays the chemical composition of both raw and torrefied rice 
husks. The rice husk torrefied at 300 ◦C showed an elemental compo
sition similar to that of lignite and peat coal, unlike rice husk samples 
torrefied at lower temperatures (210, 240, and 270 ◦C). This similarity is 
attributed to the decomposition of cellulose, which enhances the 
carbonization outcome of the rice husk and increases the percentage of 
FC in the torrefied rice husk [111]. This observation aligns with findings 
on torrefied gliricidia and rubber wood, as illustrated in Fig. 2 [65], and 
torrefied wood [112]. 

Fig. 2 displays the HHV of raw and torrefied gliricidia and rubber 
wood at different times and temperatures. Poudel et al. [112] observed 
that at 300 ◦C, the torrefied waste wood came in the range of lignite with 
improved HHV and CHO values, and reduced ash composition. How
ever, the observation of Singh et al. [78] differs because the ash content 
increases as the FC content increases after Acacia nilotica wood was 
torrefied. The partial difference was further solidified by the fact that 
devolatilization of Acacia nilotica wood skyrockets with an upsurge in 
temperature which leads to a proportionate diminution in percentage 
moisture and volatile matter contents and a comparative upsurge of FC 
and ash quantity of Acacia nilotica wood [78]. More specifically, during 
torrefaction, there is a fall in the O/C proportion of biomass. This is 
attributed to increased lignin (C9H10O2, C10H12O3, C11H14O4) composi
tion which has a low O/C proportion in contrast to the proportion of O/C 
that is in hemicellulose (C5H8O4)n and cellulose (C6H10O5)n [50]. This 
low O/C ratio can be attributed to the reduction in O2 that invariably 
results in elemental carbon dominance. Consequently, this leads to an 
upsurge in the HHV profile of the TB [74]. This explanation is corrob
orated by using the carbon enrichment data presented in Fig. 3. Silva 
et al. [74] reported zero sulfur for torrefied passion-fruit-peel and 
pineapple peel wastes. The torrefaction temperature had a significant 
influence on the energy profile of the torrefied solids from 
agro-industrial leftovers, which had properties analogous to lignite and 
peat [74]. 

The opinion of this review is that 100 % of the reported TB meets the 
coals caliber profile for the domestic market which usually ranges be
tween 16,736 and 27,196 kJ/kg [81] based on their HHV. This quality 

Table 2 
Comparative ultimate analysis of different torrefied and coal samples. Note that 
* indicates wet basis while all others represent dry basis.  

Fuel sample C (%) H 
(%) 

N 
(%) 

O (%) S (%) References 

Torrefied biomass 
Groundnut stalk* 41.20 8.70 1.19 47.70 1.15 [68] 
Oak wood chips 49.99 5.88 2.68 41.25 NR [64] 
Sugarcane bagasse 50.30 3.40 0.22 45.79 0.29 [94] 
Bamboo wood chips 52.11 5.68 3.35 38.86 NR [64] 
Hibiscus cannabinus L 52.27 5.27 0.87 41.49 0.11 [95] 
Rubber wood 53.50 6.70 NR 39.80 NR [65] 
Pepper stem* 55.00 6.80 2.30 35.8 NR [96] 
Pine wood chips 55.28 5.79 2.77 36.16 NR [64] 
Beechwood 55.40 5.30 0.18 38.88 0.31 [67] 
Willow 55.50 3.64 1.30 42.20 NR [97] 
Wheat straw 55.50 3.64 1.30 44.70 NR [97] 
Woodchip 55.50 5.00 0.03 38.50 0.02 [61] 
Passion fruit peel 

waste 
56.71 4.41 1.11 37.77 0.00 [74] 

Cumin stalks 58.00 3.87 1.04 36.97 0.12 [98] 
Sugar cane bagasse 58.25 2.81 0.31 38.68 0.15 [75] 
Rapeseed straw 58.50 4.24 1.74 45.5 NR [97] 
Wood waste 59.66 4.73 0.45 35.14 0.02 [98] 
Gliricidia wood 59.70 5.70 NR 34.60 NR [65] 
Coffee chaff 60.20 5.70 4.00 30.00 NR [99] 
Barley straw 61.18 3.81 1.37 33.51 0.13 [98] 
Pineapple peel waste 61.37 4.37 1.30 32.96 0.00 [74] 
Annona squamosa 

peel 
61.90 4.60 2.60 30.50 0.40 [63] 

Ananas comosus peel 64.10 4.50 1.10 30.00 0.30 [63] 
Acacia nilotica wood 64.75 4.85 0.64 29.76 NR [78] 
Rice straw 65.16 5.61 1.41 27.83 NR [100] 
Spent coffee grounds 66.60 7.50 2.70 23.10 0.1 [70] 
Spent coffee grounds 69.60 7.10 3.60 19.6 NR [99] 
Patula pine 76.03 3.75 0.35 19.87 NR [79] 
Coal 
Zhundong sub 65.50 4.60 0.16 29.33 0.42 [101] 
Shengli lig 70.07 4.45 0.97 23.06 1.45 [91] 
Okaba sub 71.47 2.88 0.90 24.04 0.71 [102] 
Okaba sub 71.47 2.88 0.90 24.04 0.71 [103] 
Okaba sub 71.47 2.88 0.90 24.04 0.71 [104] 
Hefeng sub 72.55 5.73 1.46 19.38 0.88 [90] 
Tangkou bit 73.34 5.60 1.54 19.09 0.43 [87] 
Jhama coal 73.43 2.51 1.31 22.04 0.71 [105] 
EI Cerrejon bit 78.50 5.98 1.57 13.48 0.47 [60] 
Shaanxi lv bit 81.89 4.73 1.08 12.01 0.29 [93] 
Changping lv bit 89.38 3.18 1.36 5.65 0.43 [92] 
Vietnamese ant 90.57 3.06 1.37 4.15 0.85 [95] 

Note that the wet basis has been converted to dry basis using the expression: 
Mdry = Mwet (100/(100-Mdry)). Where Mdry and Mwet represent the property of 
the dry and wet basis respectively. 

Fig. 1. Chemical composition analysis of raw and torrefied rice husk [110]. 
Reprinted with approval from Elsevier (License no.: 501798184). 
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can also be corroborated using their low sulfur content as a yardstick to 
measure the extent of SOx emission by fuel samples to minimize envi
ronmental pollution and climate change. Overall, the hallmark of fuel 
energy value (HHV) of the TB (16,000–32,100 kJ/kg) is close to most of 
the coal samples reviewed (16,500–33,000 kJ/kg) as reported in Ta
bles 1 and 2. This is a pointer that most anthracite and high-grade 
bituminous coal exhibit a better fuel property compared to TB [84]. 

3. Comparative analysis of the fuel ratio of coal and torrefied 
biomass 

Another important parameter to comparatively determine the 
disparity and similarity of solid fuel quality is called fuel ratio (FR). It is 
calculated as the ratio of the FC to the VM, both expressed as percentages 
[113]. The FR is important because it helps in understanding the com
bustion characteristics of the fuel. A higher FR indicates a higher pro
portion of FC, suggesting that the fuel burns more slowly and with 
greater difficulty, whereas a lower fuel ratio indicates a higher propor
tion of VM, which means the fuel ignites more easily and burns faster 
[114,115]. Thus, the fuel ratio can provide insights into the efficiency, 
environmental impact, and handling requirements of different solid 
fuels. 

Some researchers have explored the influence of FR on the VM and 
FC of both TB and coal. For instance, Kongto et al. [77] observed that a 
rise in torrefaction temperature over a longer period decreased VM. In 
contrast, an elevation in the FC enriched the FR of torrefied rubber wood 

from 0.22 to 1.23. Also, a higher temperature allowed more hemicel
lulose and cellulose to decompose, which resulted in a high FR [77]. The 
torrefied rubber wood FR is in close range with 1.50 recorded for 
Singrauli India coal [116], and 1.40 recorded for torrefied teak wood 
[108], but relatively low in comparison to 2.60 recorded for torrefied 
Melina wood [108] (Table 2). 

Adeleke et al. [108] further expounded that a higher FR is a signif
icant indicator of an improved ignitability index for solid fuel. This is 
consistent with claims about coal, where low FR scores result in a strong 
and better ignition propensity profile and could lead to accidental 
ignition of coal during reserve storage. Conversely, high FR scores bring 
difficulties in coal ignition, resulting in steady and improved combustion 
operation [116]. Furthermore, Fig. 4 revealed the torrefaction temper
ature dependency on the FR [62]. However, due to the rich content of 
VM, the FR of both torrefied Mangifera indica seed and Passiflora edulis 
shell was very low compared to that of bituminous coal [117] and 
Singrauli India coal [118]. Moreover, a torrefied Passiflora edulis shell 
has a higher FR, which implies that it has superior combustibility than a 
torrefied Mangifera indica seed. Notably, it was pragmatically estab
lished that there was an upsurge in the FR when the TB was co-fired with 
bituminous coal as shown by the red dots in Fig. 4 [62]. Figs. 5 and 6 
display the time and temperature dependency of the FR of specific raw 
and torrefied biomass types. A similar scenario was observed for torre
fied Ananas comosus peel and Annona squamosa peel [63] and for 
torrefied Washingtonia filifera petiole and Sterculia foetida follicle, 
respectively. However, it was affirmed that the FR of the torrefied 
Washingtonia filifera petiole and Sterculia foetida follicle are inferior to 
the FR of bituminous coal (1.5–2.5) and this does not differ in the case of 
FR value reported for torrefied Ananas comosus peel and Annona 
squamosa peel [63]. 

Rago et al. [120] reported experimental findings on the FR of 
blended TB (mango branches + waste newspaper). Torrefied mango 
branches exhibited the highest FR compared to the blended TB, which 
also exhibited higher FR compared to the waste newspaper as presented 
in Fig. 7. Nevertheless, the FR of both the torrefied blended and indi
vidual TB are far behind that of torrefied Acacia nilotica wood [121] and 
the typical FR of coal (0.5–2.0) use in coal-fired plants [120]. 

Singh et al. [122] highlighted that fuels with a FR significantly 

Fig. 2. HHV of raw and torrefied gliricidia and rubber wood at different times 
and temperatures [65]. Reprinted with approval from Elsevier (License no.: 
5502930547429). 

Fig. 3. Correlation between VM and FC, carbon enrichment (CE), and higher 
heating value (HHV) for crude and torrefied biomass. Passion fruit peel waste 
(PF) and pineapple peel waste (PA) [74]. Reprinted with approval from Elsevier 
(License no.: 5502931011634). 

Fig. 4. Time and temperature dependency of FR of (a) raw, and torrefied 
Mangifera indica seed (b) raw and torrefied Passiflora edulis shell [62]. Reprinted 
with approval from Elsevier (License no.: 5502940552240). 
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greater than 2 could present challenges in flammability and ignitability 
during use. This situation could lead to an increase in the unburnt 
portion of the fuel, thereby reducing boiler efficiency during operation 
[122]. On the other hand, Rago et al. [120] suggested that biofuels with 
low FR may still be co-combusted with coal if the FR is mixed within a 
range of 5 wt%. The FR of torrefied Hibiscus cannabinus L. [95] and sugar 
cane bagasse [75] also falls within the recommended value but is 
considerably lower than that of Vietnamese anthracite coal [95]. Singh 
et al. [78] recorded a FR of 1.63 for torrefied Acacia nilotica wood and 
this is somewhat in good agreement with the FR of Zhundong coal (1.86) 
and this indicates similar chemical properties to the bituminous coal 

[123]. Similarly, the FR value of 1.75 for torrefied Melina wood [124] 
was found to be in a very close range with that of Zaoquan bituminous 
coal which is 1.98 [125]. Moreover, as observed in another torrefaction 
study, the FR of torrefied Washingtonia filifera petiole and Sterculia foe
tida follicle [119], and torrefied pine sawdust [126] are far below the 
coal standard and possibly will need to be blended with other high FR 
biomass to bring its FR close to those coals as observed in Table 2. 
Overall, the FR for majority of TB reported in Table 2 falls closely (with 
infinitesimal disparity) within the recommended FR value of 0.5–3.0 by 
Singh et al. [122] for coal use in power plants, boilers, and other 
applications. 

4. Comparative analysis of the ash composition and ash fusion 
temperatures of coal and torrefied biomass 

Comparing the elemental oxide composition and ash fusibility of a 
solid fuel is essential for evaluating and establishing the combustibility 
bahavior as well as its profile [6], combustion system configuration 
[73], slagging [123], corrosion, ash [127] and fouling management 
[128]. Sher et al. [60] employed ash melting behaviour to evaluate and 
define the ash fusibility temperatures. It was discovered that following 
low and medium torrefaction of raw biomass (RB), the initial defor
mation temperature (IDT) rose, but was still largely behind that of El 
Cerrejon coal except for softening, hemisphere, and flow temperature 
that surpasses 1250 ◦C in comparison to El Cerrejon coal. Thus, the TB is 

Fig. 5. Time and temperature dependency of FR of (a) raw, and torrefied 
Ananas comosus peel (b) raw and torrefied Annona squamosa peel [63]. 
Reprinted with approval from Elsevier (License no.: 5502940859911). 

Fig. 6. Time and temperature dependency of FR of (a) raw, and torrefied 
Washingtonia filifera petiole (b) raw and torrefied Sterculia foetida follicle [119]. 
Reprinted with approval from Elsevier (License no.: 5502941104394). 

Fig. 7. Comparative FR of individual torrefied mango branches (MBr), waste 
newspaper (Np), and their blended version (MBr-NP) [120]. Modified with 
approval from Elsevier (License no.: 5502941416896). 

Fig. 8. Comparative ash composition of El cerrejon coal, torrefied beech wood, 
and their analogue combo in terms of elemental oxides [60]. Reprinted with 
approval from Elsevier (License no.: 5502950235790). 
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deemed appropriate for combustion in a fluidized bed combustor. 
Comparatively from the results presented in Fig. 8, the ash melting 
property is strongly correlated to ash composition. The ash comprises 
different alkali and acidic oxides with SiO2 being the most predominant 
and TiO2 being the least. Sher et al. [60] opined that IDT rose owing to 
the presence of a voluminous amount of CaO, Al2O3, Fe2O3, and MgO 
while IDT diminished with K2O uptick, even though, the high content of 
potassium in the TB compared to the coal could be problematic during 
combustion. The ash fusibility and ash content results are somewhat in 
agreement with the ones reported for torrefied Teak and Melina woods 
by Adeleke et al. [108], where the ash fusion temperature experiment 
revealed that the biomass ash melts at − 1200 ◦C. It finally fused at 
− 1300 ◦C with SiO2 and TiO2 being the most predominant. The least of 
all the elemental oxide compositions discovered in the two TB respec
tively are as shown in Table 3. This dominance order is in parallel with 
what was observed for Wudong coal but largely differs from that of 
Tianchinengyuan and Wucaiwan coal as MgO was predominant in these 
two coals with the SiO2 coming behind compared to that of torrefied 
Teak and Melina woods [83]. Adeleke et al. [108] empirically estab
lished that an increase in temperature during torrefaction does not alter 
the ash content profile nor lower the ash fusibility temperature (espe
cially the IDT) and concluded that the biomass fuels profile met the 
standard prerequisite for energy production in thermal plants. It was 
further emphasized that the low volume of TiO2, Fe2O3, and Na2O may 
perhaps be responsible for the very low ash fusibility temperature of the 
TB compared to coal [108]. Comparatively, the ash fusion temperature 
for both torrefied Teak and Melina woods, as presented in Table 4, are 
similar to that of sub-bituminous coal and lignite coal [129]. 

Kongto et al. [77] and Lampropoulos et al. [72] differ in their reports 
as they observed that SiO2 was among the least elemental oxides in 
torrefied rubber wood and olive. It was also affirmed that the torrefied 
rubber wood’s ash components had much more minerals than conven
tional bituminous, sub-bituminous, and lignite coals. In another study 
by Doddapaneni et al. [132], SiO2 was reported to be the highest for 
torrefied pulp industrial sludge; however, they differ in their fusibility 
temperature observation as opposed to that of Adeleke et al. [108], 
because the DT varied between 720 and 770 ◦C. This can be observed in 
Fig. 9, which shows the ash fusion temperatures of dried and torrefied 
pulp sludge. The disparity in the ash melting profile after torrefaction 
might be ascribed to variations in the biomass inorganic component 
[132]. Niu et al. [142] that IDT values increase with increasing Al2O3 
and reduced with the upsurge in K2O and SiO2 supported this submis
sion. This finding is consistent with the fusibility reported for Hebei 
province coal [143]. Liu et al. [143]; however, inferred that ash slagging 
mainly consisted of SiO2, the melting point of which was around 
1450 ◦C. 

The presence of acidic oxides such as Al2O3 and SiO2 can improve the 
ash fusion temperature, while alkaline oxides such as CaO and K2O can 
reduce the fusion temperature of ash [138]. This resonates with what 
was suggested by Adeleke et al. [137] that the existence of basic oxides 
in the coal and bio-coal briquette reduces the softening and melting 
temperatures of the ashes to 1350 ◦C. The fusibility temperature of 
torrefied rubber wood reported by Kongto et al. [77] is very similar to 
Afşin and Elbistan coal [144] and Guizhou and Yunnan coal [139] which 
connote that both will have similar ash behavior if used in 
co-combustion or co-firing operation. However, Oladejo et al. [139] 
revealed that the ash fusion temperature tends to decrease with an in
crease in the Silica/Alumina ratio. This can be ascribed to the presence 
of the amorphous form of SiO2 and its ability to react with other ele
ments to form silicates with low melting points [139]. 

Jagodzińska et al. [133] performed ash deposition experiments on 
torrefied palm kernel shells. The authors reported that higher torre
faction temperature influences fouling and slagging properties. This is 
because torrefaction slightly decreases ash deposition tendency and af
fects ash-melting properties. Their study also revealed that the proper
ties of torrefied palm kernel shell is similar to that of coal, especially in 

terms of IDT, ST, SiO2, and VM. Nevertheless, there is still a huge 
disparity in some other elemental oxides like Al2O3, Na2O, and TiO2 that 
are present in a very high volume in the polish coal compared to the 
torrefied palm kernel shell biomass. It should be mentioned that the 
silica-alumina ratio is a significant indicator of the ash slag formation. It 
can be observed from the compiled samples in Table 4 that the 
silica-alumina ratio ranges from 4.92 to 15.62 for the TB ash while it is in 
the range of 1.37–2.90 for various types of coals. This reveals that the TB 
ashes reported have higher tendencies of slag formation than coals. This 
is due to the presence of a large amount of silica compared to alumina. 
However, some of the TB and coal samples have good silica ratios while 
others have silica ratios lower than 0.78 which is the range recom
mended for good coal ash to enable it to fuse [108]. Table 4 also shows 
that TB ash has a basic/acid oxide ratio (B/A) in the range of 0.11–0.51. 
This is higher than the B/A ratios of the coal ash reported in previous 
studies. This indicates that TB has low melting ash, which may not be 
good for thermal and metallurgical applications. The B/A ratios of some 
coal ash samples were on the extremely high side (>2). This may be the 
reason why Adeleke et al. [108] recommended that TB and coal should 
be agglomerated to improve their ash properties for thermal and 
metallurgical applications. On a general note, the slagging factor of 
torrefied biomass is close to the recommended value (<0.6) for coal, 
which has a low slagging formation. The slagging factor of domestic 
pellet wood is extremely high. This implied that it has a high formation 
tendency. This behavior exists in some of the coal ash samples presented 
in Table 4. Wucaiwan, Tianchinengyuan, and Zhundog coals have high 
slagging factors. This shows that TB and coal ashes behave similarly 
while some of these materials are good feedstock for energy generation. 
This implied that no class of fuel feedstock possesses generalized prop
erties. The high fouling factor presented in Table 4 shows that rubber 
wood torrefied at different temperatures can pollute the environment or 
generate foul odors [137]. The fouling factor’s low value shows that 
both coal and TB cause less odour in the environment when used as 
feedstock in thermal and metallurgical applications. The fusion tem
perature of torrefied vine pruning [130] is also in a close range with that 
of lean-grade sub-bituminous coal [137], and bituminous coal [129], 
but largely differs from that of torrefied wheat straw [134] except for FT 
which was a bit similar. Adeleke et al. [137] in their research on ash 
analyses of bio-coal briquettes expatiated that the silica-alumina oxide 
fraction is an essential parameter that influences the flow properties of 
coal ash slag. However, it is negatively correlated with DT, ST, and FT 
[137]. The study also made it clear that the silica oxides ratio is applied 
to forecast solid fuel ash slagging performance and it showed a positive 
correlation to DT and FT. It was reported that decent coal must have a 
great silica ratio ≥0.78, which indicates that it would be difficult to fuse. 
Furthermore, it was stressed that the proportion of the basic to acidic 
oxides which have a positive (+) correlation with FT and DT was also 
considered as an index for slagging behavior. 

Fusion temperature (FT) can be used for evaluating silicate-induced 
slagging, whilst IDT can be used in the evaluation of alkaline-induced 
slag [145]. The higher the ash melting temperatures, the less severe 
the ash-induced operation problems become [129]. Holistically, the 
predominant elemental oxides as per the ash composition is SiO2 while 
the TiO2 is the least in coal and TB. However, a similar general problem 
associated with the utilization of TB and coal solid fuel remains deposit 
formation on heater tube surfaces, boiler, and plant walls. 

5. Functional group analysis 

Fourier transform infrared (FTIR) analysis is usually carried out to 
explore and obtain detailed information about the structure–activity 
relationship between the architectural molecular structures [146], 
functional groups [147], and properties of biomass and coal fuel [148]. 
In addition, FTIR analysis provides the basis for relating the effect of 
torrefaction on the functional groups present in the biomass to give re
searchers fresh thought on how to improve biomass fuel quality as per 
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Table 3 
Elemental oxides in ash and ash fusion temperature of coal and TB.  

Fuel sample T (oC) Ash composition as per elemental oxides (%) Fusibility temperature (oC) References 

SiO2 Al2O3 TiO2 Fe2O3 CaO MgO Na2O K2O SO3 P2O5 DT ST HT FT 

Teak wood 220 30.24 4.84 0.50 3.58 26.80 5.40 3.01 18.26 3.22 4.15 1200 1210 1230 1320 [108] 
240 30.19 5.00 0.41 3.42 26.82 5.45 3.02 18.18 3.23 4.28 1200 1220 1230 1320 
260 30.22 4.84 0.40 3.62 26.80 5.43 2.99 18.30 3.20 4.20 1200 1220 1230 1320 
280 30.26 4.82 0.39 3.61 26.70 5.42 2.97 18.46 3.21 4.16 1200 1220 1230 1320 
300 30.25 4.83 0.39 3.64 26.71 5.42 3.00 18.28 3.20 4.18 1200 1220 1230 1320 
320 30.34 4.86 0.30 3.60 26.82 5.42 2.86 18.11 3.24 4.07 1210 1220 1230 1320 

Melina wood 220 31.50 4.20 0.48 3.48 26.98 5.22 2.83 18.09 3.22 4.00 1100 1200 1220 1290 
240 31.68 4.2 0.28 3.28 27.02 5.26 2.86 18.11 3.24 4.07 1120 1200 1210 1300 
260 31.58 4.23 0.39 3.26 27.01 5.23 2.87 18.12 3.26 4.05 1120 1200 1210 1300 
280 31.56 4.22 0.40 3.22 27.03 5.21 2.90 18.11 3.27 4.08 1120 1200 1210 1300 
300 31.49 4.20 0.42 3.21 27.00 5.24 2.91 18.15 3.28 4.10 1120 1200 1210 1300 
320 31.68 4.20 0.28 3.28 27.02 5.26 2.86 18.11 3.24 4.07 1120 1200 1220 1300 

Yangquan ant. - 51.25 34.03 1.44 4.57 3.06 0.93 1.05 1.26 0.92 - - - - - [125] 
Vine prunings 220 - - - - - - - - - - 1,193 - 1,404 1,421 [130] 
Shanxi bit. - 52.02 33.82 2.29 6.01 1.72 0.76 0.65 0.94 0.50 0.15 - - - - [131] 
Pulp industrial sludge 250 42.56 3.77 - 3.01 14.86 1.77 11.14 1.47 - - 769 1116 1140 1158 [132] 

275 42.42 4.06  3.32 14.77 1.79 11.82 1.58   720 1127 1151 1216 
300 45.24 4.37  3.08 16.20 1.96 12.72 1.65   733 1125 1142 1229 

Palm kernel shell 600 53.25 3.41 0.17 8.24 22.39 2.31 0.37 5.51 1.64 2.73 1160 1190 - - [133] 
wheat straw            550 800 950 1300 [134] 
Rubber wood 250 3.55 0.255 0.096 3.037 51.99 6.88 0.21 24.46 - - >1458 >1458 >1458 >1458 [77] 

300 3.95 0.287 0.146 2.767 51.03 6.99 0.20 25.29       
olive kernel 300 1.26 0.09 0.02 0.283 14.84 2.00 14.41 52.48 2.74 4.46 - - - - [72] 

500 1.49 0.06 0.04 0.430 16.36 2.24 12.53 57.92 1.31 4.30     
800 1.38 0.04 0.07 0.897 18.46 2.37 13.25 53.61 1.45 4.35     

Domestic wood pellets 250 12.95 2.63 1.27 3.21 43.95 11.86 2.71 14.52 6.76 0.13 - - - - [135] 
Low-temperature torrefied beech wood - 5 0.50 00.00 5.00 31.00 5.00 0.50 20.00 - ̴0.50 830 1310 1390 1400 [60] 
Medium temperature torrefied beech wood - 4 ̴0.50 00.00 ̴5.00 ̴30.00 5.00 0.50 20.00 - ̴0.50 840 1350 - 1370 
EI Cerrejon bit - 52 27 1.00 5.00 5.00 0.50 0.50 0.50 - 0.50 1240 1260 1270 1290 
Shenmu coal - 34.06 14.94 0.38 16.95 27.62 1.88 0.22 3.08 0.97 0.28 1062 1121 1186 1237 [136] 
j Subbit. 400 58.00 19.97 1.26 8.26 2.56 2.07 0.21 2.04 - - 1250 1290 1300 1350 [137] 
Jincheng ant.  54.19 27.91 0.97 4.23 4.87 1.08 1.89 1.84 2.09 0.25     [138] 
Guizhou coal  38.80 13.20 2.30 10.60 21.30 - 3.20 1.50 9.00 - 1349 1360 1382 1418 [139] 
Yunnan coal  36.20 14.40 3.70 6.90 25.20 - 2.00 1.10 10.50  1317 1355 1364 1415 [139] 
Zhundong coal - 23.00 11.00 0.70 7.50 26.60 5.70 6.10 0.67 17.00 0.24 - - - - [123] 
Xinjiang Naomaohu coal - 24.46 17.89 0.93 13.47 24.61 1.21 3.09 1.01 11.31 0.18 1086 1115 1130 1140 [140] 
Wucaiwan coal - 14.08 7.34 0.42 6.28 23.01 28.17 11.62 0.34 8.65 - - - - - [83] 
Tianchinengyuan coal - 17.28 9.29 0.70 4.08 8.46 32.23 12.71 0.17 14.98 - - - - - 
Wudong coal - 40.67 16.47 0.56 4.66 3.27 29.08 1.16 1.04 2.90 - - - - - 
Bit            1251 - 1404 1423 [129] 
Sub-bit            1218 - 1365 1389 
Lig            1147 - 1261 1286 
Polish coal 815 54.3 24.70 0.86 9.81 1.93 1.35 2.44 2.36 0.79 0.18 1200 1270 - - [133] 

Where; DT = initial deformation temperature, ST = softening temperature, HT = hemispherical temperature, and FT = final fusion temperature. 
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combustibility, grindability, fusibility, and flammability [103]. Table 5 
presents the various architectural functional groups and the corre
sponding wave number ranges. There is no significant difference in the 
functional groups present in TB as against that of coal as displayed in 
examples of FTIR spectral as shown in Figs. 10 and 11 for different TB 
from Acacia nilotica [78], canola residues [73], mustard crop residue 
[149], and yard waste [150]; and different coals from different coal 
mines in China [151,152], and bituminous coal [136]. For instance, in 
Fig. 10(A), the FTIR of five different coals from Daxing (DX), Shuangliu 
(SL), Sijiazhuang (SJZ), Yangliu (YL), and Wolonghu (WLH) were 
juxtaposed [151]. While there is a slight difference in peak intensity, 
most of the peak locations were similar, indicating a similarity in 
functional groups among the coal samples. Similar observations were 
reported in Fig. 10(B) for four bituminous coals from Gansu, Shanxi, 

Anhui and Inner Mongolia [148]. In contrast, Fig. 10(C) compared the 
FTIR analysis of dried raw Acacia nilotica (DAN), and torrefied Acacia 
nilotica wood at different temperatures and times (TAN) [78]. The FTIR 
results revealed that torrefaction alters the chemical structure of 
biomass, mainly through the breakdown of hemicellulose, affecting 
hydroxyl group interactions and enhancing biomass durability and 
storability by modifying bond intensities and cleaving chemical groups. 
Similarly, Fig. 10 (D) compares the FTIR results of RB and TB of canola 
residue at different temperatures and times [73]. Torrefaction signifi
cantly modifies the surface functional groups of canola residue, reducing 
and shifting oxygen-containing group peaks as observed in FTIR spectra, 

Table 4 
Oxide ratios of various coals and torrefied biomass at different temperatures.  

Fuel sample TT (◦C) Oxide ratios    

Silica/Alumina Silica ratio Basic/Acid ratio Slagging Factor Fouling Factor Reference 

Teak wood 220 6.25 0.46 1.60 0.52 0.34 [108] 
240 6.04 0.46 1.60 0.52 0.34 [108] 
260 6.24 0.46 1.61 0.52 0.34 [108] 
280 6.28 0.46 1.61 0.52 0.35 [108] 
300 6.26 0.46 1.61 0.51 0.34 [108] 
320 6.24 0.47 1.60 0.52 0.34 [108] 

Melina wood 220 7.50 0.47 1.56 0.50 0.33 [108] 
240 7.54 0.47 1.56 0.51 0.33 [108] 
260 7.47 0.47 1.56 0.51 0.33 [108] 
280 7.48 0.47 1.56 0.51 0.33 [108] 
300 7.50 0.47 1.56 0.51 0.33 [108] 
320 7.54 0.86 1.56 0.51 0.33 [108] 
275 10.45 0.68 0.72 – 0.10 [108] 
300 10.35 0.82 0.72 – 0.10 [108] 

Palm kernel shell 600 15.62 0.81 0.68 0.11 0.04 [133] 
Rubber wood 250 13.92 0.06 – – 5.48 [77]  

300 13.76 0.07 – – 5.02 [77] 
Domestic wood pellets  4.92  4.53 3.06 0.78 [135] 
EI Cerrejon bit – 1.93 0.20 0.13 – – [83] 
Wucaiwan coal – 1.92 0.28 3.18 2.75 0.38 [83] 
Tianchinengyuan coal – 1.86 0.52 2.11 3.17 0.27 [83] 
Wudong coal – 2.47 0.18 0.68 0.20 0.01 [83] 
Polish coal  2.20  0.22 0.02 0.01 [133] 
Shenmu bit – 2.28 0.84 1.01 0.10 0.03 [140] 
Jincheng ant  1.94 – 0.17 0.03 0.01 [138] 
L Sub-bit  2.90 0.37 0.19 – 0.00 [137] 
Zhundong sub – 2.09 0.38 1.34 2.28 0.09 [123] 
Xinjiang Naomaohu coal – 1.37 0.62 1.00 1.13 0.04 [141] 
Yangquan ant – 1.51 0.86 0.13 0.01 – [125] 
Shanxi lv bit – 1.54 0.68 0.11 0.01 – [131]  

Fig. 9. Ash fusion temperatures of dried and torrefied pulp sludge [132]. (Open 
access, which permits unrestricted use). 

Table 5 
Common architectural functional groups and essential corresponding charac
teristic absorption bands of FTIR spectra in both TB and coal [147,148].  

Functional group assignment Wavenumber range 
(cm− 1) 

Free OH 3685–3600 
OH self-contained hydrogen bond 3600–3500 
OH stretching vibration in phenol, alcohol, carboxylic, 

peroxide, moisture 
3550–3200 

CH3 asymmetric stretching vibration 2975–2950 
CH2 asymmetric stretching vibration 2935–2915 
CH3 symmetric stretching vibration 2875–2860 
CH2 symmetric stretching vibration 2860–2840 
Aliphatic C––O stretching vibration 1720–1800 
Aromatic C––O stretching vibration 1715–1660 
Aromatic C––C stretching vibration 1615–1585 
CH2 asymmetric deformation vibration 1480–1465 
CH3 asymmetric deformation vibration 1460–1435 
CH3 symmetric bending vibration 1385–1370 
C–O–C stretching vibration 1160–1120 
Aromatic nucleus (CH), adjacent H deformation 900–730 
n-Alkane side chain skeleton (CH2)n vibration 740–716 
OH in carboxylic acids 979–921 
COOH 1715–1690 
Phenolic deformation C–O–C (stretching) 1300–1000  
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highlighting microwave power as crucial in decomposing lignocellulosic 
structures and removing oxygen groups. The presence of O–H stretching 
diminishes with torrefaction intensity, indicating moisture loss and 
dehydroxylation, especially noticeable at higher torrefaction conditions 
like 450 W for 20 min, while peaks around 2918–2932 cm− 1 show C–H 
stretching in various organic groups [73]. The absorption band for 
functional groups present in the TB and coal fuel matrix as observed in 
Figs. 10 and 11 are in the same range as presented in Table 5. However, 
the peak intensities of the spectra are not the same. 

Fig. 11 (A) compares the FTIR analysis of raw, and torrefied mustard 
crop residue (MCR) at different temperatures and times [149]. The 
figure shows that MCR (microcrystalline cellulose) retains similar 
oxygen-containing functional groups at 200 ◦C for 30 min, suggesting 
organic content stability at this temperature. However, above 250 ◦C, 
significant thermal decomposition of organic groups, especially hemi
cellulose, leads to a noticeable reduction in the absorption peaks of these 
groups. The broader O–H band indicates the presence of hydrogen bonds 
in cellulose and hemicellulose, with the bound moisture and water 
removed during torrefaction, evident from the decreased OH peak in
tensity between 3400 and 3200 cm− 1. The C–H peak reduction reflects 
the loss of methyl and methylene groups, while the decrease in the C––O 
peak signifies the breakdown of carboxyl groups, leading to less 
oxygenated compounds and gases like CO and CO2, simplifying MCR’s 

organic composition and reducing its oxygen content [149]. Jaideep 
et al. [150] also compared the FTIR analysis of raw and 
Nitrogen-torrefied yard waste as shown in Fig. 11 (B). A distinct peak at 
3693 cm− 1, unique to raw biomass and indicative of O–H stretching in 
alcohols, disappears in torrefied samples, suggesting alcohol groups, 
along with moisture, are lost at temperatures starting from 170 ◦C [150]. 
The broad peak between 3600 and 3200 cm− 1, representing O–H 
stretching in hydroxyl groups associated with moisture, alcohols, phe
nols, and organic acids—characteristics of crystalline cellulose and 
hemicellulose—decreases with rising torrefaction temperatures. This 
reduction, due to dehydration reactions that destroy hydroxyl groups 
and form non-polar unsaturated structures, diminishes this peak and 
increases the material’s hydrophobicity as the temperature increases. 

Similar observations were reported by Saher et al. [60]. The authors 
compared the FTIR analysis of RB and TB of beech wood (Low and 
medium temperature (LTTB and MTTB)) as shown in Fig. 12 (A) [60]. 
More specifically, during torrefaction, cross-linking structures are 
degraded by breaking H-bonds and dissolving part of functional moieties 
containing OH and O2 groups, and this promotes the release of aromatic 
functional architectural moieties. The destruction of the OH group 
during torrefaction leads to the formation of non-polar unsaturated 
structures, a significant reduction in moisture content, and an increase 
in the hydrophobicity of the TB. Thus, these spur its combustibility and 

Fig. 10. FTIR spectra of: (A) Five different coals from Daxing (DX), Shuangliu (SL), Sijiazhuang (SJZ), Yangliu (YL), and Wolonghu (WLH) [151], (B) Four bitu
minous coals from Gansu, Shanxi, Anhui and Inner Mongolia [148], (C) Dried raw (DAN), and torrefied Acacia nilotica wood at different temperature and time (TAN) 
[78], (D) RB and TB of canola residue at different temperature and time [73]. Reprinted with approval from Elsevier (License no.: 5502951221204, 5502960343249, 
5502960576516 and open access respectively). 
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flammability to the same level as coal [153]. It has been shown that 
H-bonds in solid fuel are predominantly self-associated OH and 
OH-ether H-bonds [147]. The OH-ether hydrogen content largely de
creases, showing that the H-bond morphology in fuel metamorphosed 
after heat treatment or torrefaction, and some cross-linking H-bonds 
with O2 are demolished [91]. This is because hydrophilic functional 
architectural groups, such as OH, in the solid fuel are eliminated during 
the torrefaction or pretreatment operation as reported for some TB fuels 
such assugarcane bagasse [75], avocado, mango, and Lychee seeds [66], 
and patula pine [79]. 

During torrefaction, the thermal stability of hemicellulose present in 
passion fruit peel and pineapple peel waste becomes weaker [74]. This 
was linked to the destruction of chemical bonds in the hemicellulose 
group which then led to the ejection of hydrocarbons comprising C–O 
and C–H functional groups and thus afforded TB with an energetic 
profile analogous to peat and lignite coal [74]. This agrees with the 
claim that torrefied rubber wood has more C–C and C–H bonds, and the 
capacity of these bonds to generate energy is superior to that of the O–H 
and C–O bonds in the raw rubber wood [77]. In addition, negligibility in 
the intensity of the C–H peak in TB is a sign of a reduction in VM volume 
[72]. Also, as the torrefaction temperature increases, the intensity of the 
absorbance peaks from all chemical functional groups become weaker 
due to an upsurge in weak intra- and inter-molecular hydrogen bonds. 

This shows the thermal degradation of lignin, hemicellulose, and cel
lulose [72]. A study stated that as the torrefaction temperature 
increased, marked alterations in the fingerprint region were detected as 
the C–C, C–O, and C–H bonds were altered owing to the decomposition 
of spent coffee grounds [69]. It was further explained that the C––O 
peaks are linked to carboxylic acid, aldehyde, and ketone that are 
generated following the putrefaction of cellulose and hemicellulose 
components present in biomass [60]. 

Singh et al. [78] reported that with a rise in temperature during 
torrefaction, the intensity of peaks reaffirmed the rupture of chemical 
bonds such as C––O, C–O–C, and C–H–O that are present in the biomass. 
It was further observed that a fall in peak intensity may be attributed to 
the ester group attached to the hemicellulose being cleaved by a 
deacetylation reaction. The study concluded that the breakdown of 
hemicellulose during torrefaction is mainly accountable for the alter
ation in the chemical structure of RB [78]. This observation is not 
different from those reported by previous studies [73,154]. In addition, 
Patidar et al. [149] stated that the intensity of the OH peak decreases 
with the degree of torrefaction due to the removal of bound moisture 
and water through a dehydroxylation reaction. It was also pointed out 
that absorption of the C–O peak diminished due to the occurrence of 
reactions like depolymerization, cyclic C–O, decarboxylation, and ring 
rupture [73]. Subsequently, it leads to the materialization of a series of 

Fig. 11. FTIR spectra of: (A) Raw, and torrefied mustard crop residue (MCR) at different temperatures and times [149], (B) Raw and Nitrogen-torrefied yard waste 
[150], (C) Shengli lignite coal (As-collected (SL) and pretreated (SL-HTP and SL-SSP)) [91], (D) Five bituminous coals from Daxing (TFXQ), Xiaoqing (TFDX), Puhe 
(SBPH) and Xinyi (YMXY) [147]. Reprinted with approval from Elsevier (License no.: 5502961157731, 230306013522, 5502971305281, and 5502980034356 
respectively). 
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less oxygenated compounds (e.g. alcohols, ethers, aldehydes, and acids) 
and non-condensable gases like CO and CO2 [154]. The little disparity in 
the absorbance peak intensity might also be due to mining and culti
vation locality, soil and meteorological conditions, biomass species, 
processing conditions, torrefaction approach, and or refining strategy 
[154]. 

6. Hydrophobicity property 

Hydrophobicity refers to the propensity of non-polar molecules (or 
part of molecules) to be aggregated in water. The contents of hemicel
lulose, cellulose, and lignin of a biomass fuel play important roles in the 
hydrophobicity properties [142,155]. Of these three components, 
hemicellulose has the greatest capacity for water sorption, while lignin 
has the least. Enhanced hydrophobicity makes it easier to store biomass 
outdoors for extended periods without being affected by the raw ma
terial’s hydrophilic behavior or biological degradation [142]. For a 
biomass to be torrefied means that the biomass has been pyrolyzed 
under relatively mild conditions at reaction temperatures between 200 
and 300 ◦C for about 1 h in inert or oxygen-reduced environmental 
conditions [155,156]. Biomass components such as hemicellulose, cel
lulose, and lignin usually undergo degradation around this temperature 
range. However, hemicellulose mainly degrades via depolymerization as 
well as bond cleavage in the corresponding amorphous region [155]. 
Hence, TB crystallinity increase is dependent on the conditions of 

torrefaction [157]. Due to the elimination of the hydroxyl group during 
torrefaction, the hydrophobicity of the TB biomass improves. 

Law et al. [158], stated that it is scientifically correct that a surface is 
hydrophobic when its static water contact angle (Ɵ) is greater than 90◦. 
Unlike RB, higher calorific values, lower moisture content, lower atomic 
O/C and H/C ratios, higher grindability, lower hygroscopicity, and more 
uniform properties have been reported for TB [153]. Biomass absorbs 
moisture into the cell walls by the OH group’s attraction, which holds 
H2O molecules via H-bonding. Hence, biomass is hygroscopic. However, 
hydroxyl groups are partly destroyed during the torrefaction process of 
biomass because of this; dehydration and hydrogen bond formation are 
inhibited. Therefore, after torrefaction, hygroscopic biomass is known to 
be hydrophobic [159]. More so, the equilibrium moisture content (EMC) 
is significantly reduced in the biomass [160]. Several reactions occur in 
biomass at different temperature regimes [161]. These reactions include 
dehydration, devolatilization, and carbonization of hemicellulose, 
depolymerization and devolatilization/softening of lignin; and depoly
merization devolatilization of cellulose. The physical properties, 
chemical composition, and energy content of the biomass are signifi
cantly affected because of these reactions. Therefore, a solid uniform 
product with high-energy content and lower moisture composition is 
produced after the torrefaction operation. The storage stability of 
biomass is improved owing to the loss of hydrophilic bonds during 
torrefaction operation; hence, TB is more hydrophobic. There is partial 
destruction of the OH groups in the biomass during the torrefaction 

Fig. 12. FTIR spectra of: (A) RB and TB of beech wood (Low and medium temperature (LTTB and MTTB)) [60] (B) RB and TB of olive kernel [72], (C) Eight coals of 
low-medium rank [152], (D) Shenhua bituminous coal [136]. Reprinted with approval from Elsevier (License no.: 5502980564507, 5502980957025, 
5502981185396, and 5502990014950 respectively). 
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process through dehydration, leading to the prevention of H-bond for
mation. This results in the hydrophobic profile of TB which makes it less 
vulnerable to degradation during stockpiling. Tumuluru et al. [161] and 
Adeleke et al. [162] reported that dry matter losses during stockpiling 
are marginal. Chen et al. [153] studied the hygroscopic nature of fir (a 
softwood species), which is a biomass that when pretreated by torre
faction. The study revealed that EMC of the TB was reduced by 35 % or 
more in comparison to the EMC of RB. When the torrefaction tempera
ture increased, this implied a lower water absorption behaviour of the 
TB. In addition, the uptick in the torrefaction temperature increased the 
contact angle of the torrefied wood surface in the range of 103–113 ◦C, 
corresponding to a hydrophobic surface (>90◦). Tumuluru et al. [161] 
when untreated biomass pellets and treated biomass pellets at different 
temperatures of 200 and 240 ◦C were plunged in water for about 1 h. 
However, during the first 10 min of immersion, the untreated biomass 
pellets disintegrated inside the water while there was total dispersion of 
the untreated biomass in water at the end of 1 h. The torrefied (at 
200 ◦C) pellets were found to maintain their original profile for the first 
10 min of water immersion, however, there was some degradation after 
1 h. Meanwhile, torrefied (at 240 ◦C) pellets showed no sign of disin
tegration in water for about 1 h. As a result, the degree of integration of 
biomass pellets is decreased when torrefaction temperature increases. 
The hydrophobicity of biomass pellets is improved owing to the increase 
in the treatment severity. 

In a related study by Wang et al. [92] the impact of the torrefaction 
process was investigated on the profile of pellets obtained from woody 
biomass of spruce stem wood, barks, and forest residues. The torre
faction temperature range utilized was between 225 and 275 ◦C under 
two residence times of 30 and 60 min. Hydrophobicity of the biomass 
was studied, in relation to water uptake capacity or water resistance of 
the raw and torrefied pellets. The test was carried out by immersing both 
the raw and torrefied pellets into the water for a certain period of 
testing. The raw wood and forest residue pellets disintegrated within a 
short period when immersed in water. Pellets produced from barks 
retained good stability formation. However, the structural integrity was 
lost after about 4 h of water immersion experiment. The higher hydro
phobic extractive contents of the bark pellets were the reason for the 
higher water resistance compared to other pellets. It was reported that 
the torrefied pellets showed low water uptake capacity with retained 
intact structure after the period of testing compared to the raw pellets. 
The study further established that the rise of torrefaction severity 
significantly improves the hydrophobicity of the pellets having strong 
resistance to water sorption with structural integrity being maintained 
after the immersion [92]. 

Zhang et al. [163] studied the impacts of the variation of torrefaction 
temperature (200–350 ◦C) on the hydrophobicity of soybean straw 
pellets (SSP) and pine wood pellets (PWP). The EMC and water resis
tance methods were used to evaluate the hydrophobicity of the pellets. A 
better hydrophobicity is related to lower EMC and water resistance of 
the sample under consideration. The investigation compared the hy
drophobic properties of SSP and PWP at both the raw and torrefied 
states. With the torrefaction temperature increasing, the EMC of the 
torrefied pellets decreased. It was reported that pellets of both the soy
bean straw and pinewood at a torrefied temperature of 350 ◦C revealed 
that the pellets are highly hydrophobic. This makes them suitable for 
storage without any special threat of deterioration biologically. More so, 
due to the low water content to transport with the biomass, the cost of 
transportation of the TB was reduced compared to the cost of trans
porting the raw pellets [163]. 

Aside from the presence of water in pellets which significantly 
influenced the hydrophobicity, the biomass chemical composition also 
greatly affects the hydrophobic characteristics of the pellets. Torrefied 
pellets have a lower affinity for water because the hemicellulose of 
torrefied pellets is known to reduce significantly because of volatiliza
tion and carbonization during torrefaction operation [164]. Hence, 
hemicellulose loss leading to slight lignin content refinement implies 

that there would be a reduction in the H-bonding activities in the tor
refied pellets [165]. PWP showed better water resistance than SSP. The 
rationale behind strength against water absorption is better explained 
using the hydrophobic behaviour of torrefied pellets. For this reason, 
having good hydrophobicity and water resistance for high-temperature 
torrefied pellets are good pointers to being able to be stored outdoors. 
Djyakon et al. [166] investigated the impact of torrefaction temperature 
on the hydrophobic properties of waste biomass derived from food 
processing. The food processing wastes utilized in the study included 
black currant pomace, orange peels, apple pomace, pumpkin seeds, and 
walnut shells. The torrefaction operation was done between 200 and 
300 ◦C at 20 ◦C stepwise. The determination of the hydrophobic prop
erties of the waste biomass involved using the water drop penetration 
time (WDPT) method of analysis. The hydrophobicity values of the TB 
were compared with that of RB dried at 105 ◦C. The study reported that 
even the most hydrophilic samples (apple pomace and black currant 
pomace) reached an extremely hydrophobic state at a temperature of 
300 ◦C. However, other samples such as walnut shells, orange peels, and 
pumpkin seeds were severely hydrophobic at 220 ◦C with a time of 
penetration that was over 1000 s. Extreme hydrophobic properties were 
reached at 260 ◦C for walnut shells, orange peels, and pumpkin seeds. 
This further reinforced the established knowledge that the biomass 
torrefaction process enhanced its hydrophobic profile. The uptick in the 
temperature of the torrefaction operation makes the moisture absorp
tion resistance to be improved. Dyjakon et al. [66] examined the hy
drophobicity of forestry biomass residues such as Horse chestnuts, Oak 
acorns, and spruce cones through torrefaction. 

A water drop penetration time test was employed in the determi
nation of the hydrophobic properties [167–169]. The test was used for 
forestry residues (Horse chestnuts, oak acorns, and spruce cones) [170], 
rubberwood pellets [171], and coffee husk (CH) and spent coffee ground 
(SCG) [172]. It is important to note that any biomass that reaches the 
value over 3600 s time is acknowledged to be extremely hydrophobic. 
The forestry biomasses were observed to be extremely hydrophobic at 
different torrefaction temperatures. Kanwal et al. [94] characterized the 
physicochemical properties of torrefied corncob at different tempera
tures of 200, 225, 250, 275, and 300 ◦C at different residence times of 
15, 30, 45, and 60 min. The properties obtained were compared with 
that of Thar coal. The hydrophobicity of the torrefied corn cob was 
optimum at 300 ◦C torrefaction temperature and at 60 min residence 
time. This further affirms that as torrefaction temperature and residence 
time increase, the affinity of biomass to absorb water is lowered. More 
so, at these maximum temperatures and residence times for torrefying 
the corn cob, the properties were found to be comparable with that of 
Thar coal. 

Based on findings by several scientists on biomass, the hydropho
bicity values of some biomass materials based on their EMC values are 
presented in Table 6. It can be observed from the presented Table 6 that 
the hydrophobicity value of the RB was higher than the TB. This implied 
that the RB is hydrophilic; however, when subjected to torrefaction 
temperatures, there was breakdown of the water molecules in the 
biomass due to dehydration, devolatilization, and carbonization of 
hemicellulose; depolymerization and devolatilization/softening of 
lignin; and depolymerization devolatilization of cellulose. As the torre
faction temperature increases, the hydrophobic property of the biomass 
improves for proper storage over a long period without disintegration. 

7. Grindability property 

Grindability is a parameter that best depicts the resistance of a ma
terial to size reduction. The ratio of energy used in a fragmentation 
process to the resultant outcome, such as cumulative retained mass or 
volume in a given mesh, increased surface area of the milled particles, or 
an increase in product finer fractions, is known as the grindability of 
materials. It is one of the important parameters for determining the 
performance of the torrefied biomass. Particle size distribution 
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predictability is essential for grindability properties, which are crucial 
for the preparation of solid biofuel for energy conversion processes. In 
addition to causing feeding issues, unburned fuel may pass through the 
conversion process due to particles with an excessively large or wide 
distribution [177,142]. 

The hardgrove grindability index (HGI) is used to define the grind
ability index of brittle materials such as coal [178]. However, biomass 
has a fibrous anisotropic nature that limits the direct application of HGI. 
Thus, the HGI has been modified to suit TB. The modified hardgrove 
grindability index (mGHI), resistance to impact milling, hybrid work 
index, ISO grindability, and specific grinding energy have become 
widely known indices to check for the grindability of biomass in its raw, 
torrefied, and pelletized forms [179]. Manouchehrinejad et al. [178] 
proposed the use of a volumetric hardgrove grindability index to eval
uate the grindability of bulk materials like RB and TB. For biomass 
upgradation for post-application, the volumetric hardgrove grindability 
index (HGI) is a very important factor. In the estimation of energy usage, 
capacity, and mill performance as well as the particle distribution after 
the milling process, the HGI test is the most used. It is generally known 

that a higher HGI value is an indication that the solid fuel can be ground 
effortlessly to give higher mill outputs with lower power inputs. Having 
a well-informed understanding of the grindability profile of a TB is a 
relevant criteria for their utilization. There is rupturing of the structures 
of the cell wall after torrefaction and bigger pores development, 
bringing significant collapse of the cell walls [50]. The release of VM in 
the form of gases and liquid condensation during torrefaction causes the 
cell walls to collapse [79]. The destruction of the cell walls makes the TB 
to be convenient to grind, thereby improving the grindability. Hence, 
there should be improvement in grindability for efficient fuel applica
tion [59]. It can be stated specifically that if biomass is pulverized into 
small particles, the better the grindability of the biomass material, and 
more energy is saved [178]. 

Dyjakon et al. [180] investigated the grinding energy demands of the 
different biomass (Sunflower husk, Beetroot pomace, Grass, Pine tree, 
and wheat straw). The energy required for grinding ranged between 
16.28 kJ/kg and 130.72 kJ/kg for the untreated and TB pellets at 200 
and 300 ◦C. The sunflower husk pellets and the beetroot pomace pellets 
produced the lowest and highest energy demand for grinding, respec
tively. A relationship between grindability and mechanical durability 
was established to ensure that the most durable pellets would require the 
highest grinding energy and vice-versa. More specifically, the torre
faction temperature applied had an impact on the grindability of the 
biomass. A further explanation suggests that grindability as well as 
mechanical durability have a close relation to the natural fibers such as 
hemicellulose, cellulose, and lignin content in the biomass. The hemi
cellulose natural fiber decomposes when torrefaction or thermal treat
ment is above 200 ◦C [181]. Jiang et al. [151] studied the influence of 
torrefaction temperature and holding time on the grindability of four 
torrefied biomasses which include two agricultural biomasses (corn 
straw and wheat straw) and two forestry biomass (polar wood and cedar 
wood). The grindability of the torrefied biomass significantly improved 
owing to the grindability of straw biomass at higher temperatures 
compared to woody biomass which showed different effects. By 
comparing the coefficients of decomposition of the straw biomass and 
woody biomass, the hemicellulose and cellulose in the straw torrefied 
biomass are substantially decomposed at 300 ◦C. Yu et al. [182] torre
fied wood pellets obtained from the Yeongdong plant in a batch-type 
fixed bed reactor. Among several properties explored was the grind
ability which was known to improve through the torrefaction process 
because of the fibrous structure degradation [183]. The thermally 
treated biomass grindability index (TTBGI) method was used to deter
mine the grindability. Various TTBGI values for both raw and torrefied 
pellets were obtained. Generally, there was almost a linear relationship 
between the degree of torrefaction and the enhancement in the grind
ability of the torrefied wood pellets. Improvement in the grindability of 
biomass is directly proportional to the torrefaction temperature [182]. 
More so, it is important to determine the grindability index of coal for 
better classification. These classifications are usually based on the HGI 
values that are presented in Table 7. Coals are majorly used as fuel in the 
combustion chamber of power plants. The coal requirement values for 
utilization in power plants should have an HGI greater than 60 (HGI 
>60) [180]. The grindability value of 100 HGI was recommended to be a 
reference standard [184]. 

It is important to state that coals having the highest ash or mineral 

Table 6 
Biomass type and EMC values.  

S/N Biomass type EMC value (%) Ref. 

1. DCS (raw) 
TCS at 200 ◦C 
TCS at 250 ◦C 
TCS at 280 ◦C 

10.8 
7.1 
5.6 
4.3 

[160] 

2. Fir (Raw) 
Fir at 200 ◦C 
Fir at 210 ◦C 
Fir at 220 ◦C 
Fir at 230 ◦C 

5.49 
3.60 
3.34 
3.07 
2.34 

[50] 

3. SSP (Raw) 
SSP at 200 ◦C 
SSP at 250 ◦C 
SSP at 300 ◦C 
SSP at 350 ◦C 

9.5 
8.2 
7.4 
5.5 
4.6 

[163] 

4. PWP (Raw) 
PWP at 200 ◦C 
PWP at 250 ◦C 
PWP at 300 ◦C 
PWP at 350 ◦C 

9.7 
6.8 
4.5 
4.3 
2.9 

[163] 

5. CPS (Raw) 
CPS at 200 ◦C 
CPS at 250 ◦C 
CPS at 300 ◦C 

12.5 
9.0 
5.0 
4.5 

[173] 

6. Leucaena (Raw) 
Torrefied Leucaena 
EFB (Raw) 
Torrefied EFB 

6.2 
5.8 
8.0 
7.0 

[169] 

7. LTM (Raw) 
20 % HTM-LTM (10 % MC) 
20 % HTM-LTM (14 % MC) 
20 % HTM-LTM (16 % MC) 

8.23 
8.66 
7.91 
7.26 

[174] 

8. Australian pelletized wood at 300 ◦C 14.0 [175] 
9. Loblolly pine (LP) at 250 ◦C 

LP at 275 ◦C 
LP at 300 ◦C 

10.5 
8.5 
8.3 

[142] 

10. Kenaf (Raw) 
Kenaf at 200 ◦C 
Kenaf at 230 ◦C 
Kenaf at 250 ◦C 
Kenaf at 280 ◦C 
Kenaf at 300 ◦C 

16.71 
14.44 
13.46 
12.49 
12.13 
11.65 

[176] 

11. Wood pellet (WP) (Raw) 
WP at 200 ◦C 
WP at 230 ◦C 
WP at 250 ◦C 
WP at 280 ◦C 
WP at 300 ◦C 

10.86 
10.51 
8.89 
7.71 
6.78 
6.27 

[176] 

- DCS (Dried Cotton Stalk), TCS (Torrefied Cotton Stalk), SSP (Soyabean Straw 
pellet), PWP (Pine Wood Pellet), CPS (Cocoa Pod Shell), LTM (Lightly Torrefied 
Material), HTM (Highly Torrefied Material), MC (Moisture Content). 

Table 7 
HGI values and coal classification [185].  

HGI value Coal classification 

<40 Very hard 
40–60 Hard 
60–80 Medium hard 
80–100 Soft 
100–120 Very soft 
>120 Extremely soft  
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content have higher HGI values. This implies that they are softer in 
grinding. However, contrasting the grindability of the coals based on 
their ash or mineral composition could not be a fair signal if the rankings 
of the coals being contrasted are different. Hence, the grindability 
behaviour is best determined by considering the kind of minerals that 
the coal contains [184]. The hardgrove grindability index of different 
biomass based on the different modifications adopted is compared with 
the HGI of some coals in Table 8. It was generally observed that the HGI 
value of coal is much more than that of biomass. The HGI values of RB 
(18–30) were lower compared to the TB (30–55). Some of the HGI values 
for TB are very close to the HGI values for some coals. The torrefaction of 
biomass improves its grindability, which makes it easy for its use in 
pulverized form or for agglomeration with coal as feedstock for power 
plant operations [41]. 

8. Microstructure of torrefied biomass 

The micrographs of biomass (RB and TB) through scanning electron 
microscope (SEM) help in the revelation of microstructural changes that 
could have occurred in the biomass before and after being torrefied [92]. 
There is a close relationship between the observed phenomenon when 
FTIR and SEM are used in the characterization of the structural and 
microstructural changes that occur in the biomass before and 
post-torrefaction. It has been revealed that the colour of TB transforms 
into dark brown than RB [190]. A typical example of colour changes as a 
result of torrefaction condition severity is displayed in Fig. 13. 

The increase in carbonization temperature leads to increased dark 
coloration of the torrefied chips. This increased temperature can cause 
different structural changes in the biomass. The structural changes 
ranged from cell structure re-arrangement, surface integration, and 
tubular-shape structure [142]. Hence, this is an indication of the brit
tleness of the biomass after torrefaction owing to filaments breakdown 
in the biomass. Furthermore, the emission of gaseous and volatile 
products is an indication of the higher total pore volume of the torrefied 
products over the RB [192]. The gasification and combustion charac
teristics were improved due to the high porosity of the torrefied product 
that enables the reactants and products of the carbon matrix [142]. The 
high porosity in the TB implies low density with constant particle size. 
Fig. 14(a) gave a deeper examination of the influence of torrefaction on 
the microstructure of biomass (SCG and CH) [172]. At higher temper
ature ranges, there were more notable structural changes compared to 
the RB samples. The most severe torrefaction condition brought about 
surface degradation of biomass leading to a much scrappier structure 

owing to more openings and voids on the surface. The cell wall is dis
torted as well as micro-aperture creations were observed due to torrefied 
solid surface disintegration. This structural change phenomenon is 
linked to carbonization and volatile product release of the biomass due 
to the torrefaction severity conditions such as pretreatment time, reac
tion temperature, and heating rate. The conditions cause the TB samples 
to be porous and disintegrated [154]. Fig. 14(b) reveals some of the SEM 
images of raw coals. The images of the coal raw samples showed that the 
surfaces were relatively smooth and compact. There was adherence of 
large amounts of mineral grains on the surface. Coal permeability is 
reduced as a result of mineral occlusions which have the tendency to 
block the fluid-flow pathways [148]. 

9. Torrefied biomass and coal applications in energy 

The essence of producing high-energy efficient biomass through 
torrefaction technique is to be useful in energy-based systems. A pul
verized coal boiler was confirmed to be functional when it was fired 
using 100 % TB without noticeable boiler efficiency declination, boiler 
load instability, as well as substantial boiler capacity changes [193]. Li 
et al. [194] and Gil et al. [195] corroborated that the utilization of TB for 
industrial usage could result in a meaningful reduction of CO2 and NOx 
emissions. Black Wood Technology did the co-firing rate of TB and coal 
at 5–25 % [196]. It was revealed that TB could replace coal in firing the 
large-scale plant. Hence, TB introduction in every stage in any system 
that requires coal, or its derivatives is valuable and advantageous [196]. 
Few studies have demonstrated the co-combustion of torrefied biomass 
with coal in existing coal-fired plants using completely new or modified 
burners as well as mill systems. Smajevic et al. [197] performed trial 
runs at the Kankaj power station unit 5 with a power output of 110 MWel 
using two mixtures of brown coal and sawdust. The results confirmed 
that 7 % sawdust could be combined with brown coal without risking 
loss in efficiency of the boiler with the additional benefit of reduction of 
emissions. It was also reported that there was no need for modification 
of the existing coal transport system and boiler equipment. In another 
study by Zuwala and Sciazko [198], the co-firing of sawdust, bio-waste, 
and hard coal was carried out at the Skadina power plant in Poland 
(1500 MWth). It was reported that 9.5 % biomass was useful to hard coal 
for efficient co-combustion. The characteristic of torrefied biomass is 
highly like lean grade coal such that they function effectively in existing 
coal burners in pilot plants or industrial scale. Molcan et al. [199], 
Ohliger et al. [200], and Ndibe et al. [201] established that torrefied 
biomass and coal can be used in co-combustion even at industrial scale 
plants with even more than 100 kW. Alobaid et al. [202] is one of the 
recent demonstrations on the use of torrefied biomass and coal for 
co-combustion in a 1 MWth pulverized coal furnace. The mixture of 
torrefied biomass and hard coal was co-grinded using the same coal mill 
though torrefied biomass sharply reduced the throughput of the mill. 
Yet, there was no difficulty during the co-combustion. The response of 
mono combustion has no significant variation when compared with 
co-combustion. Eseyin et al. [203] reported that TB have found appli
cations: as fuel in the combustion chamber of cement kilns and coal-fired 
power stations. It serves as fuel in burners requiring small-scale pellets 
as well as in entrained flow gasifiers that require pulverized coal to 
function. TB is also useful in producing bio-based fuels and chemicals. It 
is useful as a reducing agent in blast furnace operation. TB can be used in 
the production of smokeless solid fuels (briquettes, pellets, and more 
densified products) for various applications domestically and industri
ally [104]. These are areas where coals have been previously dominant 
[204], but TB is now fit to replace them partially or totally. Although, in 
advanced energy applications, no torrefied biomass is comparable to 
high-graded coal, TB continues to be a verifiable feedstock that is 
capable of replacing coal in energy-generating systems because they are 
renewable and environmentally friendly. 

Table 8 
Biomass type and HGI values.  

S/N Biomass/coal type HGI Ref. 

1. Eucalyptus pellets 
Mixed wood pellets 
Miscanthus pellets 
Sunflower pellets 
Steam exploded pellets 

22 
18 
18 
20 
29 

[186] 

2. Wood pellets 
Straw pellets 
Sunflower husk pellets 
Herbaceous pellets 

17 
20 
22 
30 

[187] 

3. Torrefied almond shells 
Torrefied Kiwifruit pruning 
Torrefied pine wood chips 

30–55 
30–55 
30–55 

[3] 

4. Indonesia coal 
Lakhra coal 

44 
66 

[188] 

5. Punjab coal 57–92 [189] 
6. Black coal 53–87 [185] 
7. Coal 1 

Coal 2 
Coal 3 
Coal 4 

94 
59 
72 
64 

[184] 

8. 21 coal samples 40–130 [77]  
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10. Conclusions and recommendations 

This study has conducted a thorough review of studies relating to 
torrefied biomass and coals. The characteristics of the two fuels were 
examined and presented in the review and were juxtaposed. The results 
were further compared with standards recommended for good and 

combustible fuels. The study established that because torrefied biomass 
is renewable and environmentally friendly, it has the potential to replace 
coal as a viable renewable energy feedstock in energy-generating sys
tems. As a result, it satisfies SDG 7’s (clean energy) requirement for eco- 
friendly environmental materials, making it appropriate for scientists 
and engineers. The proximate, ultimate, and heating values of torrefied 

Fig. 13. Colour transformation during Patula pine wood chips’ torrefaction [191]. Reprinted with approval from Elsevier (License no.: 5502990269268).  

Fig. 14. SEM of (a) some TB at various torrefaction conditions [172]. (Open access, which permits unrestricted use). (b) Raw coals [148].  
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biomass aligned with those of lean-grade coals that are useful for energy 
and metallurgical applications. The critical review investigations 
showed that to a certain extent, torrefied biomass could be a viable 
substitute for coal in various applications. Hence, the use of torrefied 
biomass in a mono condition or partially combined with coal for co- 
combustion purposes is recommended for industrial and domestic 
uses. Torrefied biomass is economically viable with the combination of 
scaling up and improving the production technology which helps to 
improve the product properties. Thus, it is recommended that policy
makers should make biomass prominent as feedstock in co-combustion 
in co-fired plants for energy generation It will proffer a means to 
augment the present energy mix, sustainable development, and a 
pollution-free society. 
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