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Abstract 

Current research emphasizes the use of assorted biomass resources of varying quality for pelletizing. Biomass 
pellet fuel is one of the most common and essential ways of harnessing biomass energy. Herbaceous biomasses 
like corn stovers, switchgrass and miscanthus are abundant in nature and when used to produce pellets, they are of 
low quality. This study provides an overview of methods for enhancing herbaceous biomass pellets quality through 
blending with woody biomasses like pine, eucalyptus and spruce saw dusts, use of plastic additives like linear low-
density polyethylene and low-density polyethylene, post-pelletization torrefaction, and production of pellets at 
optimum conditions. The review revealed that the use of biomasses from wood and plastics as additives to 
herbaceous biomass, improved the pellet properties like strength, durability and higher heating values to great 
extents, while ash contents decreased. Post-pelletization torrefaction studies showed that there was a noticeable 
improvement in higher heating value. Finally, there was a general improvement of pellet qualities when pellets are 
produced at optimum conditions as depicted by the review of optimization studies on pelletization. Generally, each 
of these methods improves the pelletization of herbaceous biomass to different extents. Some studies have focused 
on combination of two or three of these methods in which the pellet properties are further enhanced. Therefore, 
there is need to explore the combination of these methods reviewed to produce pellets and evaluate them against 
internationally set pellet standards for commercialization. 
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1. Introduction 

Fossil fuel energy currently dominates world energy supply (Liu et al., 2022), standing at about 80% of the total 
primary energy supply (GLOBAL BIOENERGY STATISTICS 2022 World Bioenergy Association, 2022) as 
illustrated by Figure 1. 1a. The rapidly increasing advancement in development resulting from ballooning 
population has pushed energy demand up by greater margins leading to excessive use of oils, gas and coal (Haq et 
al., 2021; Liu et al., 2022). Consumption of these fuels have detrimental effects on the environment because of the 
high CO2 emissions that lead to the greenhouse effect (Anukam et al., 2020; Hu et al., 2018; Liu et al., 2022; 
Pantaleo et al., 2020). Consequently, excessive production and use of these fuels leads to their depletion with time 
because of their non-renewability nature. These challenges have led to shift of focus to research, development and 
utilization of alternative sources of energy (Ali et al., 2021; Dujmović et al., 2022; Liu et al., 2022; Niedziółka et 
al., 2015; Picchio et al., 2020a). Biomass being one of them is not yet fully utilized along with solar, wind, 
geothermal, tidal and hydro (Dujmović et al., 2022; Jeguirim et al., 2019). 

Biomass does not increase the net atmospheric carbon dioxide as it is illustrated in the carbon cycle (Figure 1. 2) 
and it offers a variety of uses (Koondhar et al., 2021) through its derived products which include methanol, ethanol, 
biodiesel, Fischer-Tropsch hydrogen, methane, fuelwood, charcoal, pellets and other biofuels (Alizadeh et al., 
2020; Ambaye et al., 2021). Cui et al. (2021) also observed that using biodegradable and agricultural wastes as 
fuel alternatives reduces emissions from landfills and combustion. In this scenario, biomass has a lot of potential 
as a long-term, renewable source of bioenergy. 

Utilization of biomass as renewable energy has, however, been faced with challenges such as: wide dispersion, 
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irregular shape, low heating value, high moisture content (Ali et al., 2021), low bulk density and others 
consequently, leading to high handling, transportation and storage expenses (Ali et al., 2021; He et al., 2018). 
Drying, pelletizing and briquetting, torrefaction and use of binders are pretreatment and enhancement techniques 
of production of quality solid biomass fuels (He et al., 2018). 

 

 
Figure 1. 1: a) Total primary energy supply and b) domestic biomass supply 2020 (GLOBAL BIOENERGY 

STATISTICS 2022 World Bioenergy Association, 2022). 

 
Figure 1. 2. Carbon cycle (Cui et al., 2021) 

 
The chemical and physical features of various biomass feedstocks can be complimented and coordinated by 
blending different feedstock types in order to optimize the pelletizing processes and qualities through co-pelleting 
(Pradhan et al., 2018a). Co-pelletizing (combining various raw materials to produce pellets) is perceived to be 
potential in enhancing biomass pellet when sustainable, affordable and ecofriendly raw materials are utilized. 
Subsequently, co-pelletizing emerges as a viable alternative for optimizing performance of production of biomass 
pellet fuels (Cui et al., 2021). Additionally, co-pelletizing through blending various materials and optimizing 
pelletizing variables appear to be viable approaches to producing quality pellets. The strength of biomass pellets 
and the durability of the bonds of biomass particles are the most desired parameters in pellets (Agu, 2018). 
Pelleting temperature is critical in promoting strong bonding by enhancing chemical restructuring of biomass 
particles (Anukam et al., 2021; Henriksen et al., 2008; Ma et al., 2021; Riva et al., 2019). An in-depth 
understanding of the feedstocks of biomass that can be used in pelletization is, therefore, paramount and a 
prerequisite for researches on biofuels. This will be followed by the study of pellet production techniques, 
important pellet qualities and the methods used to improve the qualities of pellets.  
 
2. Biomass raw materials 
Biomass includes all organic material in the biosphere, be it of plant or animal nature, and also those derived 
from natural or artificial conversion (Koondhar et al., 2021; Perea-Moreno et al., 2019). Rozzi et al. (2020) and 
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Antar et al. (2021) also described biomass as non-fossil organic material with inbuilt carbon dioxide that has the 
ability to help mitigate greenhouse gas emissions. 
Suitability of biomass for conversion to different biofuels is determined by assessing it properties through 
characterization (Cheng et al., 2016). Some useful biomass characterization methodologies include Transmission 
electron microscopy (TEM), X-ray diffraction (XRD), Fourier transform infrared spectroscopy (FT-IR), atomic 
force microscopy (AFM), and scanning electron microscopy (SEM), depending on the desired biofuel application. 
In order to get proper understanding of biomass and the process of its conversion to biofuel, it is recommended 
that characterization is done before and after the treatment process (“Biotechnological Applications of Biomass,” 
2020). 
Lignocellulosic biomass (LCB) is a common name used to refer to biomass (Cheng et al., 2016), is made up of 
various proportions of major chemical compounds including lignin, cellulose, and hemicellulose, constitute a large 
part of the chemical components in biomass residues as illustrated in Figure 2. 1. Additionally, the minor 
compounds include: extractives, water, proteins and inorganic elements such as potassium, calcium, aluminum, 
sodium and silicon, among others. These chemical structures are different from each other resulting in different 
chemical properties (Tursi, 2019) and, thus, establish the properties of the whole biomass. 
 

 
Figure 2. 1:Lignocellulosic biomass representation (Tursi, 2019) 

 
2.1 Biomass characterization 
Biomass proximate evaluation and its ultimate analysis are the main expressions of biomass characterization when 
biomass is used for biofuel production applicable in thermochemical processes (Anukam & Berghel, 2020.). Thus, 
higher heating value (HHV) should be considered in characterization. 
 
2.1.1 Proximate analysis 
A summary of the biomass's moisture, ash, volatile matter, and fixed carbon (FC) levels describes the proximate 
analysis of biomass (Adeleke et al., 2021). These properties have a significant effect on combustion of biomass 
feedstocks (Sivabalan et al., 2021), as well as production of solid biofuels through densification (Adeleke et al., 
2021). As pertains combustion, moisture content determines the amount of heat energy required for ignition of 
fuel, whereas, slagging and fouling phenomena in boilers are a result of ash melting temperature and elements of 
ash. The ability of biomass feedstock to bond together to produce solid biofuels is greatly affected by its moisture 
content. It acts as a binder during densification when used in its optimum level. Lower and higher moisture levels 
lead to challenges in adhesion of biomass particles hence difficulty in densification (Garcia-Maraver, 2015a). 
According to Liu et al. (2022) the amount of moisture in feedstocks from biomass can be adjusted to optimum 
level by addition of water. Volatile matter and fixed carbon determine the higher heating values for both 
combustion and densification processes. 
 
2.1.2 Ultimate analysis 
The goal of ultimate biomass analysis is to evaluate the percentage of elemental ingredients, such as nitrogen (N), 
sulfur (S), carbon (C), hydrogen (H), oxygen (O), and other elements, that are present in biomass. Understanding 
these components makes it easier to calculate the volume and make up of combustion gases and also the amount 
(theoretical) of air needed for complete combustion. Typically, biomasses' heating value is established using 
various methods depending on this analysis (Dash et al., 2015). The atomic ratio classification—which comprises 
hydrogen, oxygen, and carbon—helps determine the fuel's heating value. For instance, there is a strong correlation 
between the oxygen-to-carbon (O/C) ratio and the biomass higher heating value (Dash et al., 2015). Gummert et 
al. (2019) also concluded that biomass having elevated sulfur and nitrogen composition results in generation of 
harmful gasses like nitrogen oxides (NOx) and sulphur oxides (SOx) during combustion, which are the major 
causes of acid rain and particulate matter emissions (PM). 
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2.1.3 Higher Heating Value (HHV) 
Sivabalan et al. (2021) defined higher heating value as the total amount of energy produced by a unit of mass of 
fuel when completely combusted. The generated heating value is influenced by the chemical fuel elements. 
Biomasses are unique in nature in that they posses’ different chemical compositions and other characteristics. 
These leads to grouping of biomasses according to similarities in their characteristics. In the study on 
compositional analysis of biomass for production of renewable biofuels and chemicals, Williams et al. (2017) 
analyzed the chemical composition of biomass, both herbaceous and woody, municipal solid wastes and 
agricultural wastes and found that specific properties were within specific ranges for their respective biomass types. 
Biomass characteristics considered in this classification are ultimate and proximate analysis as well as structural 
carbohydrates. These types of biomasses inform the best method of utilization of biomass as biofuels. 
 
2.1.4 Prediction of biomass properties using ultimate and proximate analysis 
Ultimate and proximate analysis, as well as higher heating values of biomasses, are important thermochemical 
properties which are usually determined experimentally using various equipment. The challenge with experimental 
determination of these properties, as reported by Xing et al. (2019) is that its time-consuming, expensive, 
equipment unavailability and prone to experimental errors. Another essential biomass property is the structural 
carbohydrates such as lignin, cellulose, and hemicellulose. Nimmanterdwong et al. (2021) noted that tedious 
laboratory analytical procedures employing expensive equipment such as HPLC (High-performance liquid 
chromatography) and use of strong acids which raises concerns in terms of safety and accuracy are used in analysis 
of these structural carbohydrates. One outstanding solution that has been developed to eliminate the above 
highlighted challenges is the development of prediction models from correlations among various biomass 
properties (Nimmanterdwong et al., 2021). Datasets of ultimate and proximate analysis from various biomasses 
are used to predict other properties like HHV, cellulose, hemicellulose, lignin and either proximate analysis to 
estimate ultimate analysis or vice versa. Artificial Intelligence (AI) method of Machine Learning (ML)-based 
prediction models are often used to predict complex nonlinear regression tasks (Moayedi et al., 2019). Artificial 
neural network (ANN), logistic regression (LR), random forest (RF), support vector machine (SVM), genetic 
algorithm (GA), particle swarm optimization (PSO) and multi-linear regression (MLR) are examples of the 
commonly used ML algorithms (Ceylan & Sungur, 2020; Park et al., 2023). 
Some of the studies that have applied prediction models to estimate biomass properties include; Park et al. (2023) 
estimated higher heating value using proximate or ultimate analysis. Krishnan et al. (2019) also used proximate 
analysis to estimated biomass’ HHV. Park et al. (2023) developed a model to estimate the amounts of lignin, 
cellulose, and hemicellulose from ultimate and proximate analyses. Ceylan & Sungur (2020) estimated ultimate 
analysis from proximate analysis. In all these studies, the conclusion is that the errors of estimation were minimal 
and, therefore, the models can be used for future use. 
These models for predicting biomass properties have different performance capabilities. In the research done by 
Ghugare et al., (2017), it was found out that nonlinear models developed from Artificial Neural Network (ANN), 
Genetic Programming (GP- extension of GA) and Support Vector Creation (SVC) to predict the quantities of 
Carbon, Hydrogen and Oxygen in biomass from their proximate analyses outshined their linear counterparts. In 
general, Random Forrest (RF) model accurately predicted biomass properties compared to others (Dubey & 
Guruviah, 2022; Y. Wang et al., 2022; Xing, Luo, Wang, & Fan, 2019). 
 
2.2 Types of biomasses 
Biomass can be classified using various criteria. The most widely accepted criteria are categorization based on 
origin (Demirbas et al., 2017; Nunes et al., 2020) resulting in biomass types, such as: wood and woody biomasses, 
herbaceous biomasses, aquatic biomasses, animal and human waste biomasses and mixtures of biomasses. In 
addition, Islas et al. (2018) included municipal solid waste as another type of biomass which encompasses wastes 
of cardboard, paper, plastic, textile, glass, wood and food. According to Tursi (2019), trees, shrubs and their 
residues are forms of wood and woody biomass. Herbaceous biomass has non-woody stem and are generally 
classified to agricultural residues and energy crops. Algal biomass forms aquatic biomass, while manure from 
animals and human excreta are examples of animal and human wastes. Finally, feedstocks containing the different 
types of biomasses are categorized as biomass mixtures. Figure 2. 2 illustrates biomass types and their selected 
examples. 
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Figure 2. 2: Biomass types 

 
2.3 Biomass as feedstock for biofuel production 
Solid, liquid or gaseous fuels derived directly or indirectly from biomasses is referred to as the ‘biofuel’ (Sánchez 
et al., 2018) and according to Ruan et al (2019) it is applicable in production of heat, energy, power and light. In 
essence, chemical, physical, thermochemical and biochemical technologies are used to manufacture biofuels (Ruan 
et al., 2019). Ruan et al. (2019) realized in the study on biofuels that one type of biomass feedstock can be used in 
production of different varieties of biofuels using different techniques, hence, the diversity and the robustness of 
production of biofuels from biomass. He et al. (2018) and Sitek et al. (2021) discovered that compared to raw 
biomass fuels, biomass solid fuels emit very little particles and have a higher energy density. Furthermore, regular 
shape and dimensions allow for convenient handling, compact storage, and reliable feeding in large-scale 
applications. 
There are many distinct kinds of solid fuels made from biomass, but the most popular solid biofuels types are 
pellets and briquettes (Pradhan et al., 2018a). Briquettes should have a diameter of more than 25 mm, while pellet 
fuels should have a diameter of at most 25 mm, as determined by the application of each one of them (Cui et al., 
2021). When briquettes and pellets are compared, there are differences in production methods and market demands 
(Pradhan et al., 2018a). The difference between pelleting and briquetting production process is in the size of their 
dies. Briquettes and pellets are produced densely from biomass resources at a predetermined pressure and 
temperature (Pradhan et al., 2018b). Briquettes are typically cylindrical and range in size from 75 to 300 mm in 
diameter and length, respectively. They can be utilized in medium to large industrial thermal facilities and are 
larger than pellets (Dinesha et al., 2019). The majority of pellets have a diameters between 6-8 mm and a maximum 
length of 40 mm. They are common in small appliances like domestic cookers and gasifiers (Pradhan et al., 2018b). 
Solid biomass accounts for 86% (Figure 1. 1b) of the supply of domestic biomass fuels (GLOBAL BIOENERGY 
STATISTICS 2022 World Bioenergy Association, 2022) which are mainly derived from wood and herbaceous 
biomass as well as municipal solid wastes. There are numerous types of wood and woody biomass that is used for 
solid biofuels. Pellets, wood shavings, woodfuel, sawdust (Kiang, 2018; Sharma et al., 2019) and commercial 
forestry (hog fuel) as well as other wood residues (Tumuluru & Fillerup, 2020) are typical examples of solid 
biofuels derived from the category of wood and woody biomasses. Agricultural wastes, like corn stover, 
miscanthus, switch grass among others are herbaceous biomasses that have distinct chemical properties from those 
of woody biomass (Popa, 2018). Thus, herbaceous biomass contains more ash but less lignin and carbon, whilst 
woody biomass contains more lignin and carbon but less ash. According to Kiang (2018), pellets from wood are 
known to possess superior qualities such as ultimate and proximate analysis, as well as higher heating value than 
herbaceous biomass. 
 
3. Pellet production and important pellet properties and process parameters 
Loosely packed, prepared biomass are compacted to uniformly sized biomass particles called pellets by process of 
densification (Adeleke et al., 2021), through the technologies described by (Vaish et al., 2022) which include: 
extrusion, hydraulic piston presses, screw presses, piston type presses, roller presses, and pellet presses (ring and 
flat die). The resultant pellet will be of high calorific value, consistent size, easy to handle, transport and store 
(Adeleke et al., 2021). Generally, the bulk densities of herbaceous biomasses are between 80-150kg/m3, while that 
of woody biomasses are between 150-200kg/m3 which are considered to be low (Japheth. et al., 2019). On 
densification through pelleting, these densities are improved to 600-800kg/m3 (Garcia-Maraver, 2015a). Some of 
the most widely used pelleting technologies are described below. 
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3.1 Pellet mills 
Pellet mills, also referred to as pellet presses or extruders, are machines that use high pressure to force biomass 
feedstock through the die's holes, causing friction and the temperature of raw materials to rise and reshaping it into 
pellets (Garcia-Maraver, 2015a). Depending on the shape of the die, pellet mills can be classified as either flat or 
round. In flat die pellet mills, the feedstock is placed on top of a die that has holes in it. When the die starts to 
rotate, the raw material is squeezed and forced through the openings of the die, whereupon the pellets are 
eventually cut. Such mills are used to produce pellets on a small- to medium-scale (Garcia-Maraver, 2015a). In 
contrast, round die pellet mills have round holes that are positioned vertically along the die. The raw material is 
placed in the die's center and distributed evenly throughout the process. The material is then squeezed through the 
perforations by the rollers, and the pellets are chopped by the die's outside blades. 
 
3.2 Single pellet presses (SPP) 
This is a bench scale pelletizing machine consisting of a cylindrical die manufactured from hardened steel (Puig-
Arnavat et al., 2016), having diameters ranging from 3 to 25 mm (Japheth. et al., 2019) and equipped with heaters, 
thermal insulations, a hydraulic press, a tightly fitting piston as well as thermocouple integrated with control 
system for die temperature control. The biomass feedstock is compressed by pressing it against a stationery 
backstop using hydraulic press. It is usually difficult to control temperature resulting from friction in pellet mills 
making it hard to study specific quality parameters of the pellets (Mostafa et al., 2019). To overcome this challenge, 
single pellet presses are useful (Hosseinizand et al., 2018; Huang et al., 2017a; Stasiak et al., 2017). 
 
3.3 Process variables for pelletization 
Process variables, including particle size, binders, moisture content, and other machine settings, for instance, die 
speed, channel length, die diameter, and pressure gap have the most impact on pelletization (Pradhan et al., 2018a).  
These process factors are as discussed below. 
 
3.3.1 Moisture content 
Zamorano et al. (2011) noticed that a product's net HHV as well as the efficiency of combustion are both impacted 
by the amount of moisture in the product. High-moisture pellets lose dry matter, while being stored and transported, 
and they decompose quickly (Graham et al., 2017). Through review of several research papers, Pradhan et al. 
(2018a) found out that in a single pellet press, 10% moisture concentration is ideal for pelletization and that pellet 
density decreases as moisture content rises. Anukam et al. (2021) also suggests that addition of 7-10% water to 
dried biomass increases the pellet's quality. Hence, the conclusion that moisture content is among the key factors 
influencing pellet quality. 
 
3.3.2 Particle size 
Pelletization pressure is influenced by biomass particle size. Most experimental cases studied on single pellet 
presses established that a reduction in particle size resulted in an increase of pellet density, while pelletizing using 
ring die or flat die machines have insignificant effect regarding pellet density (Pradhan et al., 2018a). 
 
 
3.3.3 Feedstock composition 
In lignocellulosic biomasses, cellulose has a semi-crystalline structure and is resistant to hydrolysis, but 
hemicellulose has a random, amorphous structure with little strength and is easily hydrolyzed. The adhesive 
substances produced by hemicellulose hydrolysis are assumed to be the cause of natural bonding (Tumuluru et al., 
2011). Moreover, lignin aids in the creation of solid bridges when temperatures are high and is important in biomass 
pelletization. Tumuluru (2014) showed that solid bridges are primarily responsible for particle bonding in pictures 
from a scanning electron microscope (SEM). At the right temperatures and moisture content, natural binders like 
lignin, proteins, and starch create solid bridges. Furthermore, Low molecular hydrocarbons, such as oils, waxes, 
and other extractives, reduces wall friction and subsequently the pelletization pressure because their concentration 
on the pellet surface rises when the temperature is raised. The glass transition of lignin, followed by flow and 
hardening, results in pellets of greater quality. At high temperatures, lignin is expected to soften and act as a binding 
agent. Because lignin serves as a binder, biomass with a higher lignin content produces more durable pellets. 
 
3.3.4 Machine specific parameters 
Some machine-specific features that affect the pelletization process include: die size, speed, temperature and 
pressure gap (Pradhan et al., 2018a). 
 
3.4 Fundamental pellet qualities 
3.4.1 Durability 
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Alakangas (2011) defined Mechanical durability (also known as abrasion resistance) as the capacity for handled 
densified biofuels to maintain their original form. It is determined by how well densified fuels can withstand shock 
or friction. Because the pellet is prone to mechanical wear, it generates dust or fine particles when being transported 
and stored. The pellets' ability to generate dust throughout its handling, transit, and storage will be revealed by the 
resistance test. Consumers are inconvenienced by dust emissions, which also endanger their health. Furthermore, 
dust and small particles may clog boiler feeding systems, which leads to uneven combustion processes. Lastly, 
dust can cause fire and explosive hazards during handling, storage, and transportation (Vinterbäck, 2004). 
Pellets from various types of biomasses have different durability indexes resulting from their different 
compositions. Blending these biomasses to produce pellets, have unique effects on pellet durability depending on 
the chosen blends as demonstrated by (Rajput et al., 2020), in the study on methods to improve pellets' fuel qualities. 
The author found out that addition of sawdust which is woody biomass to groundnut shells and leaf litter wastes 
which are herbaceous biomass increased pellet durability. This was linked to higher lignin content in sawdust than 
in both groundnut shells and leaf litter wastes. There was reduction of pellet durability when groundnut shells were 
added to sawdust. Torrefaction after pelletization is an essential process that affects the durability index of the 
pellets. Sarker et al. (2022) showed that the durability index of the pellets is decreased when pellets are torrefied 
while the calorific value is increased. 
 
3.4.2 Hardness 
Hardness determines the maximum crushing stress (or compressive or crushing resistance) that a pellet may 
withstand before breaking or cracking (Kaliyan & Vance Morey, 2009). Tensile strength is correlated with the 
adhesion forces between particles at all points of contact in an agglomeration. A compressive resistance test 
replicates compressive stress caused by pellet crushing in a screw feeder, and also the weight of upper pellets on 
lower pellets when they are stored in silos or bins (Garcia-Maraver, 2015b). 
The research on the impacts of post-pellet torrefaction on pellet strength and fuel characteristics by Haykiri-Acma 
& Yaman (2022), revealed that the pellet strength decreases in this process compared to raw pellets. The same 
phenomenon was also observed by Sarker et al. (2022). Concerning pellet hardness, Rajput et al. (2020), observed 
that pellets produced from pure woody biomass have higher hardness than others. Therefore, woody biomass may 
be used as an additive to improve the hardness of pellets from other types of biomasses. The loss of pellets’ strength 
and durability after torrefaction is attributed to degradation of hemicellulose and cellulose (Wang et al., 2020). 
 
3.4.3 Bulk density 
The pellets' bulk density is a measurement used for stockpiling of wood fuels because spaces between the woody 
particles may be greater or smaller, based on the size and form of the pellets. Non-densified biomass is bulky, 
making long-distance transport challenging and necessitating storage space. Furthermore, because the fuel is fed 
by volume rather than weight, bulk density can have a notable impact on combustion efficiency (EN15103, 2009). 
Among the variables that affects bulk density include torrefaction after pelletization. The bulk density generally 
decreases on torrefaction of pellets (Manouchehrinejad & Mani, 2018; Siyal et al., 2021). In the study of 
improvement of agro-pellet quality through blending, Park et al. (2020), observed that the bulk densities are 
generally higher for blended pellets than single strand pellets. 
 
3.4.4 Particle density 
According to Sarker et al. (2023), particle density is mass-to-volume ratio of a single pellet. Its value is affected 
by the particle size, compression strength, protein content, and moisture content. This characteristic affects the 
bulk density and, consequently, the characteristics of combustion of the pellets such as heat conductivity, burning 
rate and degasification rate. Stasiak et al. (2017) found out that the particle density of pellets produced from blends 
of pine sawdust and straws was higher than when produced from pure biomasses, hence, the importance of 
blending in pellet production. Similar observation was made by (Serrano et al., 2011). According to Siyal et al. 
(2021), torrefaction adversely affects pellet particle density. Therefore, one can draw a conclusion from it that, 
blending different biomasses improves pellet particle density while torrefaction decreases it. 
 
3.4.5 Size of the pellets 
An important parameter in size of the pellets is the length/diameter ratio which affects moisture uptake of pellets 
in humid environments and is of great importance on feeding to the combustion chambers (Hartley & Wood, 2008). 
According to Mostafa et al. (2019), biomass pellet demand has increased recently, which has led to increase in the 
price of woody biomass and, hence, its scarcity because of exploitation for pellet production. Therefore, to curb 
this challenge, non-woody, herbaceous and other biomasses (Figure 2. 2) have received greater attention and 
research for pellet production. However, pellets produced from biomasses other than woody biomass possess poor 
qualities (Picchio et al., 2020b). Due to the dwindling woody biomass quantities, resulting from deforestation and 
the many utilities of wood, other biomasses have emerged to have a greater potential in production of biofuels. 
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Herbaceous biomasses are the most abundant and underutilized biomasses. To use these biomasses to produce 
quality pellets, quality enhancement methods have to be incorporated to elevate their properties to acceptable 
international standards. 
 
4. Methods of biomass pellet quality enhancement 
4.1 Use of woody biomass as an additive 
Gilvari et al. (2019) tied pellet quality to biomass type. The shortcomings of herbaceous biomass regarding the 
physical property (lower density), chemical makeup (higher ash, lower carbon, and lower lignin), and fuel property 
(lower heating value) could be resolved by blending with woody biomass (Picchio et al., 2020a; Tumuluru & 
Fillerup, 2020). In the study on co-pelletization, Cui et al. (2021) concluded that addition of woody biomass to 
straw (herbaceous biomass), to produce pellets, improved significantly pellet qualities. For instance, according to 
Tumuluru et al. (2012), it significantly enhances proximate and ultimate composition whilst also reducing the 
amount of ash in pellets. The study also reports that addition of woody biomass enhances the densification 
properties of herbaceous biomass because of its higher lignin content that is the primary binder in 
pelleting/briquetting. 
In the review on biomass pelleting process, Dujmović et al. (2022) reported that addition of woody biomass on 
agricultural biomass produced pellets with enhanced physico-mechanical properties and this was affirmed by 
pellets from cornstalk blended with fir. Contrary, addition of herbaceous biomass to woody biomass as studied by 
(Lehmann et al., 2012) has a negative effect on durability of biomass that has been densified and it revealed that 
the pellet's density reduces.  
Table 4. 1 Presents the observations of the effect on pellet properties caused by blending herbaceous biomass with 
woody biomass. 
 
4.2 Use of plastic additives 
According to Anukam et al. (2021), all biomasses can be pelleted, but not all are able to produce high-quality 
pellets. As a result, additives are utilized to enhance pelletization. Lignosulfonates, spent sulfite liquor, starch, kraft 
lignin, waste vegetable oils, and citrus peels are additives discussed by Anukam et al. (2021). Other additives 
include plastics (Auprakul et al., 2014). Emadi et al. (2017) stated that linear low-density polyethylene (LLDPE) 
and low-density polyethylene (LDPE) are the most abundant types of plastics which can be easily derived from 
municipal solid wastes (MSW) and have favorable fuel and adhesion properties. Thus, according to Emadi et al. 
(2017), the use of LLDPE as additives results in pellets with high density, strength and higher heating value, and 
decreased ash content. High density polyethylene (HPDE) is also extractable from MSW (Agu et al., 2021). HDPE, 
according Agu et al. (2021), significantly increases higher heating values of pellets produced from torrefied and 
non-torrefied wheat and barley straws. It also increases pellet strength and durability of pellets as well as pellet 
particle density. Although the pellet particle density was seen to improve, it was not to the extent, when LLDPE is 
used as a binder. Ash content and moisture adsorption of biomass pellets are greatly reduced when HDPE is used 
as a binder (Agu et al., 2018). Generally, plastic binders enhance the bulk densities, mechanical strength and higher 
heating values as depicted by researches presented in Table 4. 2. 
 
Table 4. 1: Researches on effect of addition of woody biomass to herbaceous biomass for pelleting 

Sr No. Feedstock blends Observation References 
 Herbaceous 

biomass 
Woody 
biomass 

1 Switch grass Pine Increased bulk density and durability. (Tumuluru, 2019) 
2 Rice straw Sawdust Increased unit density and shatter index. 

Higher heating value increased by 6-7.2%. 
(Rahaman & Salam, 
2017) 

3 Barley straw Pine 
sawdust 

Pellet durability increased by 3%. (Serrano et al., 2011) 

4 Miscanthus Pine 
sawdust 

Improved thermal properties. 
Decreased ash content. 

(Mohammadi & 
Anukam, 2023) 

5 Rapeseed 
straw and 
wheat straw 

Pine 
sawdust 

Pellets strength and higher heating value decreased with 
increase in straws ratio. 
Pellet density decreased with increase in straws ratio. 
Increased straw proportion increased the ash content of 
the pellets. 

(Stasiak et al., 2017) 

6 Miscanthus 
and switch 
grass 

Pine 
sawdust 

Pellet met industrial quality with switchgrass and 
miscanthus blends of less than 30%. 

(García, Gil, Rubiera, et 
al., 2019) 

7 Reed canary 
grass, timothy 
hay and 
switchgrass 

Spruce and 
pine 
sawdust 

Improved overall pellet quality. 
Lowers pelleting energy requirement. 

(Harun et al., 2018) 
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4.3 Use of TAP (Torrefaction After Pelletization) 
Torrefaction is one method for improving the properties of solid biomass which has gained popularity. It is a mild 
thermochemical treatment used on biomass at ambient pressure in low-oxygen environment (Mukherjee et al., 
2022; Nunes et al., 2014; Tumuluru et al., 2021) at temperature ranges of 200-300OC and residence time of 30-180 
minutes (Fisher et al., 2012; García, Gil, González-Vázquez, et al., 2019; Shang, Ahrenfeldt, et al., 2012). The 
results of torrefaction in this kind of environment are decomposition of hemicellulose partially to volatile matter 
and removal of all the moisture in biomass while lignin content and cellulose are unaffected (García, Gil, Rubiera, 
et al., 2019). 
The most important process conditions for optimum energy yield in torrefaction from past researchers are 
torrefaction temperature, time and the size of biomass particles (Adeleke et al., 2021; Akanni et al., 2019). 
 
Table 4. 2: Researches on effect of plastic additives biomass pelleting 

Sr 
No. 

Feedstock blends Observation References 

1 Torrefied wheat and 
barley straws and 
LLDPE 

Increased higher heating value. 
Increased mechanical strength. 
Decreased ash content. 

(Emadi et al., 
2017) 

2 Corn stover and mixed 
plastic wastes 

Carbon, hydrogen and higher heating value 
increased with increase in plastic content. 
Durability, bulk density, particle density and ash 
content decreased with increase in plastic content. 

(Auprakul et 
al., 2014) 

3 Refuse derived fuel with 
20% plastic 

Increased higher heating value. 
Improved mechanical strength. 

(Rezaei et al., 
2020) 

4 Pinus radiata sawdust, 
LLDPE and 
polypropylene (PP) 

Increased durability. 
Greatly improved hydrophobicity. 
Improves HHV moderately to highly. 

(Song et al., 
2021) 

5 Sawdust, date palm trunk 
and plastic wastes 

Increased durability index and bulk density as well 
as particle density. 
Overall, pellet produced attained acceptable 
standards. 

(Garrido et al., 
2017) 

6 Torrefied wheat, barley 
straws and HDPE 

Pellet density and tensile strength was improved. 
HHV increased. 
Hydrophobicity improved. 
Ash content decreased. 

(Agu et al., 
2021) 

 
Chen et al. (2021) further narrowed down the conditions to temperature and residence time, while Akanni et al. 
(2019) again further narrowed down to only torrefaction temperature, stating that the effect of residence time 
reduces after one hour of torrefaction. Thus, further pointing out that as torrefaction temperature rises the mass 
and energy yields decreases leading to increase in energy density. 
Torrefaction can be employed as a pre-treatment method of biomasses before pelletization commonly referred as 
TOP (Torrefaction before Pelletization) process or as a post-treatment after pelletization referred commonly as 
TAP (Torrefaction After Pelletization) process (Azargohar et al., 2018; Manouchehrinejad & Mani, 2018). The 
discussion of some researches on torrefaction after pelletization (TAP) processes are as follows: Manouchehrinejad 
& Mani (2018) studied the effect of torrefaction of wood pellets produced from mixed sawmill wastes of soft and 
hardwoods at temperatures of between 2300C and 2900C. The observation was that the shape of the pellets was 
retained, the mass and energy yields decreased with increasing torrefaction temperature. Higher heating values 
increased by 26%, as well as its hydrophobicity, while pellet particle and bulk densities, moisture, durability and 
hardness decreased. Wang et al. (L. Wang et al., 2020) found out that the torrefied pellets maintained their integrity 
while mass yield decreased with temperature increase, higher heating values and hydrophobicity increased. The 
mechanical properties of torrefied generally decreased with increasing torrefaction temperature. In their studies, 
Ghiasi et al. (2014), Shang et al. (2012) and Kumar et al. (2017) concluded that post-pelletization torrefaction 
resulted in improved higher heating value, energy density and hydrophobicity, while particle and bulk densities, 
mass and energy yields, as well as the mechanical properties of pellets, reduce with torrefaction. They also 
observed that the structural integrity of the pellets is maintained. 

4.4 Optimization as quality improvement method 
According to Mostafa et al. (2021a), the conditions of pelletization influence biomass pellet qualities. Thus, the 
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exact effect of pellet production process parameters to give the best physico-mechanical and characteristics of 
combustion of pellets have to be determined. Data from optimization studies can then be utilized for subsequent 
production of quality pellets, hence, a quality enhancement method. 
Liu et al. (2023) described process optimization as a condition in which several factors interdependently affect the 
outcomes in order to obtain a specific quality required. Optimization studies can be multi-parameter, multi-
response, single response, single factor or a mix of them and analysis done using different statistical tools (Thapa 
et al., 2018). 
Pellet qualities are maximum at optimum conditions of production (Cui et al., 2021). Pellet durability, hardness, 
bulk density and higher heating values are qualities used to determine the optimal process parameters in pellet 
production (Thapa & Engelken, 2020). These are desirable pellet qualities and, therefore, have to be maximized, 
so that it gives the best combination of process parameters. At the same time, undesirable pellet qualities like 
emissions have to be minimized. Said et al. (2015) observed that pellet quality is dependent on feedstock 
composition and controllable process factors. An example of controllable factors is moisture content, in which if 
it is high decreases the durability, higher heating values and shelf life of pellets, while increased binder 
concentration improves its durability (Akbar et al., 2021). 
Various process parameters considered in optimization have been studied in literature and they include; feedstock 
material, moisture content, blending ratio, particle size, binders (Thapa & Engelken, 2020), and die pressure 
(Huang et al., 2017b; Mostafa et al., 2021a). It also includes torrefaction temperature and residence time (Akanni 
et al., 2019), in the case of torrefaction after pelletization studies. The shortcomings brought about by feedstock 
variability in terms of physical and chemical properties can be resolved by blending different biomass feedstocks 
(Edmunds et al., 2018; Ray et al., 2017). Tumuluru (2019) studied the effect of blending feedstock material from 
pine and switchgrass on the pellet durability and bulk density. The resultant pellet attained maximum durability 
index greater than 95% and bulk density of 550kg/m3. In optimization study done by Thapa & Engelken (2020) 
using Taguchi-grey relational analysis, blending ratio, particle size, feedstock material and blending ratio were 
found to have significantly impacted on pellets physico-chemical characteristics. Park et al. (2021), in the study 
of performance optimization of fuel pellets, found out that the optimal ratio of pepper stem to coffee waste was 
8:2 and the optimal torrefaction temperature was 2500C. In the study, performance indicators used were moisture 
content, bulk density, durability, ash content, fines particles and gross calorific value. Zhang et al. (2020) 
researched on optimization of pellets produced from hydrothermally pretreated wheat straw using response surface 
methodology. The parameters studied included; wheat straw feedstock particle size, hydrothermal pressure and 
temperature, mold pressure, moisture content, compression speed and pressure holding time. Optimum 
pelletization conditions were as presented in Error! Reference source not found.. Conspicuously, in all the above 
studies, none of them analyzed emissions. Again, only one of the studies went ahead to include torrefaction after 
pelletization. Error! Reference source not found. presents biomass pelleting optimization studies carried out by 
different researchers and their outcomes on pellet quality. 
Table 4. 3: Biomass pelleting optimization studies 

Sr. 
No. 

Feedstock  Pelleting 
technique 

Statistical tool Optimum conditions  Quality of pellet References 

1 Rice straw Single pellet 
press (SPP) 

Response surface 
method using multi-
objective 
optimization 
approach. 

72.76 MPa, 110°C, and 7.23% 
moisture for solid pellets. 

Higher pellet quality  (Mostafa et al., 
2021a) 

2 Rice straw Flat-die pellet 
mill 

Full factorial design 2% starch additive, 17% moisture 
content, die temperature<500C and die 
size 8/32mm/mm (8mm diameter and 
32mm compression length). 

99.311% durability and 
most pellet qualities met 
set standards. 

(Said et al., 
2015) 

3 Birch,   SPP Regression analysis 6.1%moisture, 300MPa and 400MPa.  Pellet density, strength 
and moisture met set 
standards 

(Huang et al., 
2017a) Spruce  Regression analysis 5.1%moisture, 300MPa 

Reed canary 
grass 

Regression analysis 5.2% moisture, 300MPa 

4 Wheat straw SPP Box-Behnken design 35 days for Phanerochaete 
chrysosporium (PC) and 21days for g 
Trametes versicolor 52J (TV52J) 
fungal treatments 

Pellet density, 
dimensional integrity and 
tensile strength met the 
set standards 

(Gao et al., 
2017) 

5 Biochar, 
sawdust and 
water 

Pellet mill 
(unspecified 
type) 

Box-Behnken design 40% biochar, 30% sawdust and 
30%moisture 

Higher pellet durability 
and heating value 

(Bartocci et al., 
2018) 

       
7 Rice straw, 

wheat straw 
and cornstover 

Flat die pellet 
mill 

Taguchi-grey 
relational analysis 

Order of parameters from those 
resulting in greatest effect are binder 
proportion>binder type>residue 
type>particle size 

Improved overall pellet 
quality 

(Thapa et al., 
2018) 

8 Corn stalk 
rinds  

SPP Box-Behnken design 0.5mm particle size, 11.35% moisture, 
125.7 
0C and 154.2MPa 

1639.61 kg/m3 Relaxed 
density, 97.95% durability 
and 10.18 MPa 
compressive strength. 

(D. Liu et al., 
2023) 
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9 Bagasse   Box-Behnken design Biomass composition, molasses 
concentration and drying time 

16.43 MJ kg- 1 higher 
heating values and 84.2% 
durability 

(Akbar et al., 
2021) 

5. Combustion emissions from pellets 
Combustion of biomass pellet results in heat energy and different emissions. Perez-Jimenez (2015) provided a 
comprehensive classification and conditions of production of various gaseous emissions from combustion biomass 
pellets. The two major classes are gaseous emissions from complete and incomplete combustion. Examples of 
emissions emanating from incomplete combustion which included; CO, PAHs, NH3, CH4, total organic compounds 
(TOCs) and polychlorinated dioxins & furans. On the hand, emissions from complete combustion included; CO2, 
SO2, NOx and hydrogen chloride. These emissions are harmful to the environment, humans and combustion 
equipment. 

Quantity of emissions from different biomass feedstocks vary since their compositions are unique. In the case of 
pelleting and briquetting, the type and amount of binder used also play an important role in emissions produced. 
Carroll et al., (2013) analyzed carbon monoxide (CO), sulphur dioxide (SO2) and nitrogen oxides (NOx) emissions 
from different biomasses and found out that those from woody biomass met the emissions standards (EU 
regulations) while those of straws which are basically herbaceous biomass exceeded the set limits. In the study on 
combustion of waste plastics, lignite and biomass mixture pellets, Duranay (Duranay, 2019) found that the rate of 
combustion and efficiency increased with the increase in plastic ratio.  Also, CO2 emissions increased with the 
increase in plastic ratio. Measures to reduce emissions have to be incorporated in combustion process of biomass 
fuels prone to emissions like feedstocks from herbaceous biomasses and fuel feedstocks with plastic binders. 

6. Pellet quality standards 
According to Garcia-Maraver (2015a), byproducts from combustion of pellets and their effects on combustion 
equipment like pellet stoves and boilers, are among the important customers concerns other than pellets’ energy 
content. It is also important to appreciate the fact that biomass fuel pellets derived from several feedstocks of 
biomass produced from different processes are unique. In order to ensure the best quality pellets are produced, 
quality control and standardization has been introduced in many countries (Japheth et al., 2019; Mostafa et al., 
2021b). These standards have ranges of different properties of pellets that define the acceptable quality of pellets 
(Mostafa et al., 2021a). Biomass pellet standards and their general requirements have been produced for different 
types of biomasses and even their mixtures (Mostafa et al., 2019). For instance,  
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Table 5. 1 illustrates the European guidelines EN 14961-6 pellets for non-woody biomass pellets or pellet mixtures 
from different biomasses. Pellets from non-woody biomass are categorized as A class, while those from mixtures 
of different biomasses are B class pellets (Garcia-Maraver, 2015a). Pellet quality parameters are compared to these 
standard specifications so as to evaluate the overall quality of the pellet produced. According to Garcia-Maraver 
(2015a), some of the European Pellet quality standards and certification include: 

1. Austrian standard: ÖNORM M 7135 (Compressed wood or compressed bark in natural state, pellets and 
briquettes. Requirements and test specifications: 2003). 

2. Swedish standards: SS 187120 (Biofuels and peat, fuel pellets. Classification (Swedish Standards 
Institution): 1998.). 

3. German standards: DIN 51731 (Testing of solid fuels, compressed untreated wood. Requirements and 
testing (Deutsches Institut für Normung): 1996.). 

4. Italian standard: CTI-R04/05 (Recommendation: solid biofuels. Pellet characterization for energetic 
purposes: 2004.). 

5. French recommendation: ITEBE (Not official standard but set of quality controls developed. 2009). 

6. European standard committee EN14961-1 (Solid biofuels. Fuel specification and classes. Part 1: general 
requirements: 2010.). 
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Table 5. 1: European normative guidelines for pellets produced from herbaceous and fruit biomass and blends and 
mixtures (Garcia-Maraver, 2015a) 

Pellet property Units Straw Miscanthus Reed canary grass 
Diameter and length, 
D and L 

Mm D06-10: D±1; 3.15≤L≤40 
D12-25: D±1; 3.15≤L≤50 

Moisture, M % as received M10≤10 M12≤12 
Ash, A % dry basis A6.0≤6 

A6.0+>6 
A4.0≤4 A8.0≤8 

A8.0+>8 
Mechanical durability, 
DU 

% as received DU97.5≥97.5 DU96.5≥96.5 

Fines % as received F1.0≤1.0 
Additives % dry basis Type and Quantity 
Lower heating value as 
received, Q 

MJ/kg Minimum value   Q14.5≥14.5 

Bulk density, BD Kg/m3 % as 
received 

BD600≥600 BD580≥580 BD550≥550 

Nitrogen, N  % dry basis N0.7≤0.7 N0.5≤0.5 N2.0≤2.0 
Sulphur, S % dry basis S0.10≤0.10 S0.05≤0.05 S0.20≤0.20 
Chlorine, Cl % dry basis Cl0.1≤0.10 Cl0.8≤0.8 Cl0.1≤0.10 

7. Conclusions 
From the review on biomass feedstocks, pellet production techniques and methods of biomass pellet improvement, 
the following conclusions can be drawn; 

i. Before biomass pelletization research is carried out, preliminary tests of biomass feedstocks are done 
through various characterization techniques to determine their ultimate and proximate analysis and 
thereafter, characterization process is again carried out to ascertain the impact of pelletization on the 
biomass feedstocks.  

ii. When pellet mills are used in pellet production, heat generated from the friction between the die and the 
rollers is difficult to control. Therefore, the best remedy to this in order to study the specific quality 
parameters is to use single pellet presses (SPP) which are capable of controlling different pelleting 
parameters accurately. 

iii. Addition of woody biomass to herbaceous biomass in pelletization generally improved the properties of 
the resultant pellet. The bulk density, durability and higher heating values of the pellets were the most 
studied and it was found to increase with addition of woody biomass. Ash content on the other hand 
decreased.  

iv. Use of plastic additives generally increases the pellet strength, durability and higher heating values with 
great reduction in ash content. LLDPE and LDPE are the most abundant plastics which have received 
little attention in use for biofuel production. 

v. In TAP process, the structural integrity of the pellet is maintained and the higher heating values are 
greatly improved.  It can also be concluded that the most significant factor is the torrefaction temperature 
in torrefaction studies on residence time of at least one hour. 

vi. In use of optimization, as a quality enhancement method, generally the pellets produced possessed higher 
qualities which met the set pellet quality standards. Most of the optimization studies used single strand 
biomasses and optimized pelleting parameters. There are limited researches that incorporate optimization 
with multiple biomasses, plastic additives and TAP process which may result in a pellet with superior 
qualities. 
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