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Abstract 5 

Biomass shows characteristics that makes it a promising feedstock for complementing 6 

traditional fossil fuels as main energy source. It is somewhat limited by its generally poor 7 

physical properties, but these can be enhanced by densification processes like torrefaction and 8 

pelletization.  9 

The aim of the present work is to evaluate the influence of different solid biomass additives 10 

(almond shell, cocoa shell, grape pomace, Miscanthus, olive pomace and olive stone), and 11 

parameters such as temperature, moisture content and glycerol addition upon pine sawdust, 12 

PIN, and its torrefied counterpart, PINT, pelletization performance, paying special attention to 13 

their abrasion index, higher heating value and energy density. 14 

It was observed that the addition of small quantities of lignin-rich solid additives, like grape 15 

pomace, enhances the natural binding properties of both PIN and PINT during pelletization 16 

using a bench-scale device.  17 

It was also found that a 13% overall moisture content and a glycerol addition of between 10-18 

20% improve the pelletization properties of PIN and PINT, respectively, and increase their 19 

energy density when compared to the raw samples. 20 
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 23 

1. Introduction 24 

The constant growth in the world’s energy demands, which has triggered a 1.9% annual 25 

increase in CO2 emissions during the last three decades [1], could be compensated for by 26 

exploiting a diverse range of low carbon energy sources. 27 

Biomass is generally considered a feedstock with promising characteristics for complementing 28 

and partially replacing traditional fossil fuels as our main energy source. It will also reduce the 29 

energy production impact of the greenhouse effect and global warming due to its CO2 life-cycle 30 
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neutrality [2] and its moderate NOx and SO2 emissions [3]. In addition to this, the autonomy of 31 

the resource will reduce dependence on imported fossil fuels in countries which lack them and 32 

in turn encourage self-consumption, stimulate the economy and energize rural area 33 

development [4]. 34 

The sustainable market price increase in the most common biomass fuels has shown agro-35 

industrial wastes and fast growth energy crops to be a realistic alternative for use in domestic 36 

and industrial combustion systems. 37 

It is widely recognized that raw biomass in general and wastes or energy crops in particular 38 

have poor physical properties, specially low energy density and a high physical and 39 

compositional heterogeneity that restrict their wider use as a general energy source [5]. 40 

However, these drawbacks can be overcome by applying certain pre-treatments, the most 41 

common of which are torrefaction and pelletization. 42 

Torrefaction can be defined as thermal pre-treatment under mild conditions, i.e., 200-300 °C 43 

during 0.5-3 hours of reaction time [6], under atmospheric pressure [7] and in an inert or low-44 

oxidizing atmosphere [8]. Under these conditions, hemicellulose is partially decomposed to 45 

form volatile gases, while structural lignin and cellulose are barely affected, resulting in a 46 

hydrophobic product [9] with enhanced grinding and pelletization properties [10]. Due to a 47 

relative increase in the mass of carbon in the sample, torrefied biomass displays increased 48 

higher heating values (HHV) [11]. However, the bulk density values are even lower than those 49 

of raw biomass due to the loss of light volatiles that increases the porosity of the particles. 50 

Because of this, it is necessary to densify the torrefied products by means of pelletization that 51 

also enhances the energy density. 52 

Several works are found in the literature on the pelletization of pure and blended, raw and 53 

torrefied biomass samples at different scales. Thus, Gil et al. [12] used a bench top press unit 54 

to test the pelletization properties of several raw biomass samples (pine, chestnut and 55 

Eucalyptus sawdust, cellulose residue, coffee husk and grape wastes) blended with two 56 

different coals (a high volatile bituminous coal and a semi-anthracite), in order to study their 57 

combustion behavior and abrasion indexes. 58 

Barbanera et al. [13] focused on determining the physical properties, chemical composition 59 

and durability of a densified agro-industrial by-product, olive pomace, mixed with olive tree 60 

pruning at different mass ratios.  61 

Li et al. [14] used a single pellet press to co-pelletize three types of raw biomass (fir, camphor 62 

sawdust and rice husk) with sewage sludge to study the effect of densification variables like 63 

pressure, temperature or moisture and the energy consumption balance on the obtained 64 

pellets. 65 
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Brady et al. [15] developed a laboratory-scale system to manufacture refuse-derived fuel 66 

pellets by adding glycerin, a cheap and plentiful by-product of the biodiesel industry, to 67 

sawdust and concluded that it enhances the HHV of the raw biomass. 68 

Rudolfsson et al. [16] also used a single pellet press to study the influence of torrefaction 69 

degree, pelletization temperature and moisture content on the densification process of 70 

Norway spruce.  71 

Cao et al. [17] torrefied cedar and camphorwood at different temperatures and studied the 72 

influence of adding castor bean oilcake on their binding properties when co-pelletized using a 73 

bench-scale press. 74 

Finally, Shang et al. [18] compared the effect of die temperature, moisture content, additives 75 

and torrefaction degree of raw and torrefied wood chips when pelletized in a single pellet 76 

press and a pilot pelletizer, respectively, using their strength, durability, density, HHV and 77 

grindability as quality criteria. 78 

The aim of this work is to conduct an ample experimental study on the pelletization of raw 79 

(PIN) and torrefied pine (PINT) in a bench-scale device, and to evaluate the influence of 80 

different parameters such as temperature, moisture and additives (solid biomass wastes and 81 

glycerol) on the quality of the product. The obtained results are especially interesting as PIN is 82 

the raw material most commonly used in the local pelletization industry. The knowledge 83 

acquired from these tests will be used for scaling up to a pelletizing pilot plant level. 84 

The main quality criterion employed in this work was the durability of the pellets obtained. The 85 

energy density and combustion properties of the samples with the highest mechanical 86 

resistance were also evaluated. 87 

 88 

2. MATERIALS AND METHODS 89 

2.1. Samples, additives and conditions 90 

A softwood sample (pine sawdust –PIN-) and its torrefied counterpart obtained after 1 hour 91 

torrefaction at 280 °C (PINT) were selected as reference fuels for this study due to their 92 

widespread availability, since this woody biomass is the most commonly used in the Spanish 93 

biofuel market. The torrefaction conditions were selected according to the optimum 94 

grindability and combustion properties they provide, as described in previous works of this 95 

group [19]. 96 

Other biomass fuels (almond shell –AS-, cocoa shell –CS-, grape pomace –GP-, Miscanthus –97 

MIS-, olive pomace –OP- and olive stone –OS) were also evaluated as possible additives to PIN 98 

and PINT, in the search for a synergetic effect that might enhance the pelletization capability 99 

of the base fuels. Most of the selected samples are seasonally available in the Spanish biomass 100 
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market and cover three of the most important biomass groups: woody, energy-crop 101 

herbaceous and agro-waste resources. 102 

The samples were air dried at room temperature to remove external moisture and later 103 

ground and sieved between 0.1 and 1 mm; this size range is usually considered as optimum for 104 

bench-scale pelletization as particle sizes over 1 mm commonly lead to breakage [12] [20]. 105 

Figure 1 shows the cumulative particle size distribution of the samples tested. 106 

The results of proximate and ultimate analyses as well as higher heating value, HHV, of the 107 

biomass samples are summarized in Table 1. Fixed carbon and oxygen contents were 108 

calculated by difference, as mass percentages on a dry basis by means of equations (1) [21] 109 

and (2) [22]:  110 

FC (%)  =  100 – (VM +  Ash)                                                 (1) 111 

O (%) =  100 – (Ash +  C +  N +  H +  S)                                       (2) 112 

The typical lignin contents of the studied samples were obtained from different sources [23] 113 

and databases [24]. The reference samples (PIN and PINT) were evaluated separately and also 114 

mixed to mass percentages of 50%. Blends with all the other biomass samples were also 115 

prepared on the basis of 50/50 mass ratio, to yield 15 raw samples: PIN, PINT, PIN-PINT, PIN-116 

AS, PINT-AS, PIN-CS, PINT-CS, PIN-GP, PINT-GP, PIN-MIS, PINT-MIS, PIN-OP, PINT-OP, PIN-OS 117 

and PINT-OS. 118 

After mixing, the effects of temperature (room temperature and the drying temperature of 119 

105 °C), moisture content (0% and 13%) and glycerol addition (0, 10, 20 and 30%) were tested 120 

for each raw sample, representing a total of 80 different pelletization conditions.  121 

Room temperature was selected as a testing condition to determine the natural pelletization 122 

capability of each sample, which is essential to establish any synergetic effect with PIN and 123 

PINT. On the other hand, a stove pre-drying temperature of 105 °C was selected to study the 124 

pelletization properties of every sample and to simulate the conditions that are to be 125 

encountered in the pelletizing pilot plant, where experience suggests that optimum 126 

temperatures are slightly below 105 °C, due to friction between the die and the biomass 127 

sample. The selected temperature agrees with previous studies [13] and is within the 128 

temperature range studied in most works [9][25]. 129 

Water is considered a natural binder and lubricant for biomass pelletization [20]. The value of 130 

13% total moisture was selected as the 10-15% range is commonly reported as being the 131 

optimum for this purpose [26][27]. This moisture level is obtained by applying a previous 132 

105 °C pre-drying step, followed by spraying and homogenizing the required amount of 133 

distilled water on the sample.  134 
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Finally glycerol is tested as an additive since it is reported to be a good lubricant, especially for 135 

torrefied biomass, enhancing the resulting fuel’s higher heating value and reducing NOx 136 

emissions and ash formation during combustion [28]. The HHV value of the batch of glycerol 137 

used for these experiments was recorded as 18.0 MJ/kg. The range of 0-30% was chosen on 138 

the basis of previous works [29]. To ensure a homogeneous blend of solid biomass and liquid 139 

glycerol, the latter was previously mixed with distilled water in a 50% mass ratio and sprayed 140 

over the selected fuel. The wet mixture was then dried at 105 °C for several hours in a stove 141 

until the external moisture added with the glycerol was completely removed. 142 

In summary, each one of the fifteen raw samples was subjected to six different experimental 143 

pelletization conditions: room temperature with no additives, room temperature and 13% 144 

moisture, room temperature and X wt.% glycerol addition and pre-drying at 105 °C with X = 0, 145 

10, 20 and 30. 146 

 147 

2.2. Pelletization experiments and abrasion index determination 148 

As previously stated durability was considered to be the main quality indicator for the samples 149 

prepared under different conditions. The first step in the experimental procedure therefore 150 

consisted in making 20 pellets for each sample (6 mm diameter, 3-5 mm height), using a TDP-151 

1.5 single punch tablet press machine, fitted with a 550 W engine that supplied a maximum 152 

pressure of 15 kN. 153 

All pellets were subjected to a durability test consisting in 3000 turns at 35 rpm in a specially 154 

designed rotating drum described in detail in previous works [30]. The mass of the material 155 

remaining after testing was sieved through a 2 mm sieve, so that the abrasion index (Ai), and 156 

the durability of the sample (DUR) could be calculated by means of equations (3) and (4) 157 

[12][31].  158 

𝐴𝑖 =
𝑀0−𝑀𝑅

𝑀0
· 100      (3) 159 

DUR = 100 – Ai        (4) 160 

where M0 is the initial sample mass and MR the mass retained on the 2 mm sieve. The higher 161 

the Ai values were, the lower the quality of the resulting pellet was and vice versa for DUR. 162 

 163 

2.3. Product analysis 164 

After completion of the pelletization experiments and once the abrasion indexes were 165 

determined, samples that showed Ai performances below 10% were studied in more depth. 166 

Mixtures and conditions that gave rise to poor densification behavior were discarded for 167 
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further experimentation. To that end their HHV was determined following the same 168 

procedures outlined for raw biomass.  169 

Their bulk density (BD) was determined by measuring the sample’s mass and volume in a 170 

250 mL test tube after 300 hits using a tapped density analyzer (Autotap from Quantachrome 171 

Instruments). Energy density was also calculated and compared with raw PIN and PINT. 172 

In addition to this, thermal behavior was studied by thermogravimetric analysis (TGA) and its 173 

derivative (DTG), by subjecting 5 mg of sample to a controlled heating process from room 174 

temperature to 900 °C at a 15 °C/min heating ramp in a Setaram TAG 24 under a 50 mL/min 175 

flow of air. 176 

 177 

3. RESULTS AND DISCUSSION 178 

3.1. Abrasion indexes 179 

 180 

The results from the durability tests are shown in Figure 2. As can be seen the experiments 181 

performed at room temperature report quite poor durability in most of the cases. All the 182 

samples produced at room temperature without additives present abrasion indexes well above 183 

20%, except the mixture PIN-GP that shows a lower value and PIN and PINT-OP results that are 184 

only slightly higher. It can be concluded therefore that pure raw pelletization is not the best 185 

option and only PIN, GP and OP seem to present acceptable natural conditions for achieving 186 

the target in optimal durability. 187 

In the case of the samples prepared at room temperature with 13% total moisture content, 188 

when both PIN and PINT are mixed with AS, GP, OP and OS, their natural pelletization 189 

properties are greatly improved, but in the case of the OS-blends they are still far from 190 

acceptable levels. In contrast, the mixtures PIN-GP, PIN-OP and PINT-OP seem to be promising 191 

options that merit more detailed study, as they all have an abrasion index below 10%. 192 

It should also be highlighted that both GP and OP enhance the densification properties of PIN 193 

and PINT due to their large lignin contents (53.2 and 42.7, respectively) which reportedly acts 194 

as a natural binder [17]. 195 

Consequently, additional mixture percentages ranging from 0 to 100% of GP and OP, for both 196 

PIN and PINT were tested and their results reported in Figure 3. As can be seen, the binding 197 

capacity of PIN and PINT is greatly enhanced even with small GP additions. In the case of PIN, 198 

Ai decreases from 30% of the raw sample to 5% when blended with 25% GP. Especially 199 

remarkable is the result obtained in the case of PINT: 25% addition of GP reduces the 100% 200 

abrasion index value obtained for raw PINT to 18% for the blend PINT-25% GP. Increased 201 

percentages of GP in both blends induce a more gradual decrease in the Ai values down to the 202 
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2% abrasion index value for raw GP (see Figure 3). As GP is associated with certain 203 

environmental issues, e.g., its high sulfur content that militates against its wide use in 204 

combustion, the fact that even small additions of this biomass greatly enhances the durability 205 

of the blend weighs heavily in its favor. 206 

The OP-blends behavior is very similar to that observed in the GP ones, as even small 207 

quantities of it widely decrease the abrasion index of the sample, compared to raw PIN or 208 

PINT. This reduction is similar in the case of PIN, from 30% to approximately 10% for a 25% 209 

addition of OP, and remains close to this value for the rest of the percentages considered. In 210 

the case of PINT the reduction is less pronounced: Ai decreases from 100% for pure PINT to 211 

approximately 45% when 25% of OP is added to the blend but further decreases down to 212 

values slightly above 10% with the addition of 50% OP. This value remains almost constant for 213 

the remaining percentages of OP addition.  214 

PINT blends with both GP and OP led to minimum abrasion indexes but higher than the ones 215 

obtained for the corresponding PIN mixtures. This can be attributed to the hydrophobicity of 216 

torrefied matter which negatively affects the mixing properties of PINT with GP and OP, their 217 

ligand action and thus, the overall pelletization process. This can be particularly observed 218 

when 13% moisture addition is evaluated.  219 

Other pelletization options include samples pre-treated at 105 °C in order to dry the fuel 220 

before pelletization. To this end, samples were introduced in a stove at 105 °C for several 221 

hours and pelletized immediately after. As it can be seen in Figure 2, the best results were 222 

obtained with mixtures that include MIS but with abrasion index values just below 60 and 50% 223 

for PIN and PINT blends, respectively. All other mixtures and samples presented Ai values over 224 

70%. It can be concluded therefore that heating biomass without additives impoverishes 225 

natural binding properties of the studied samples .This can be due to the release of lignin, as 226 

this temperature (105 °C) is well above the mean transition temperature of lignin (75 °C) [32].  227 

Another densification condition that was evaluated was the direct addition of 10% glycerol to 228 

the blended sample at room temperature, without any previous drying. The results of these 229 

tests were not included in Figure 2 as they were extremely poor (Ai = 100% in every case); the 230 

soft pellets generated broke as soon as they were removed from the press. This condition was 231 

therefore automatically discarded.  232 

Once direct glycerol addition was ruled out as a suitable option, its combination with the 233 

previous drying step was evaluated, in order to simulate the heating conditions of the pilot 234 

pelletizer used to scale up this work. The glycerol itself was heated as suggested elsewhere 235 

[28][33]. To this end mixtures of glycerol and distilled water in a 50% mass ratio were 236 

prepared, to facilitate the spraying of glycerol over the samples and its addition to the raw 237 



8 
 

fuels to attain 10, 20 and 30 wt.% of glycerol, respectively. Once homogenized, the wet blends 238 

were dried at 105 °C to eliminate extrinsic moisture before pelletization. As can be seen in 239 

Figure 2, none of the tested mixtures reached suitable durability for glycerol addition of 240 

30wt.%, but all of them showed optimum abrasion indexes within the studied range, in 241 

agreement with previous works [28][29]. From the experiments performed not a single 242 

glycerol percentage can be proposed as optimum for all the blends, since there is a wide 243 

variation from one sample to another. Thus, a careful study and individual optimization 244 

procedure for each blend is required before the blending process can be scaled up. 245 

As can be appreciated in Figure 2, PIN and its mixtures with PINT, AS, CS, GP and MIS as well as 246 

PINT-MIS and PINT-OP reached an optimum of glycerol addition between 20 and 30 wt.%. This 247 

value decreased down to 10-20wt.% in the case of PINT and its mixtures with AS, CS, GP and 248 

OS. The PIN blends with both olive wastes –OS, OP- are also included in this last group. 249 

It can be concluded that raw PIN, its mixtures and PINT-MIS admit a higher glycerol quantity 250 

without losing their binding properties, whilst PINT and PIN-OS require a lower amount of 251 

glycerol. This is probably due to their different degrees of impregnability as a result of their 252 

different surface areas and/or particle sizes. For instance, as can be seen in Figure 1, OP is the 253 

sample with largest quantity of small sized particles, whilst OS is the fuel with smallest quantity 254 

of large-sized. 255 

The combination of torrefied biomass and glycerol is extremely important to increase the 256 

energy density of this kind of fuel. Consequently, a more detailed study of the PIN and PINT-257 

Glycerol mixtures was performed to obtain a better understanding of the effect of this additive 258 

on particle resistance, the results of which are shown in Figure 4.  259 

As can be seen, the optimum abrasion index for the PINT-Glycerol blends was obtained with 260 

the presence of a low glycerol amount in the mixture (close to 5wt.%). For higher loadings of 261 

glycerol, Ai rapidly increased to values that made these mixtures unfeasible for the purpose of 262 

pelletization. 263 

On the other hand, the PIN-Glycerol mixtures displayed optimum Ai values for amounts of 264 

glycerol between 10-20 wt.% in the mixture. It should be noted that Ai in this case was slightly 265 

higher than that reached in the case of the PINT blends (Ai values of 20 and 30%, respectively).  266 

These values are however far from the target Ai (<10%) obtained for some blends with 13% 267 

moisture addition. Therefore, it can be concluded that glycerol addition is not the best option 268 

for ensuring good pellet mechanical resistance neither for the PIN nor the PINT blends. 269 

However, since glycerol addition significantly increases the pellet’s higher heating value and 270 

energy density, a tradeoff between both parameters must be sought with suitable Ai-HHV 271 

optimization for each particular case. Moreover, the addition of solid additives, such as GP or 272 
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OP, that have been proven to enhance pellet’s resistance to abrasion appears to be essential if 273 

glycerol is to be added in quantities of more than 10 wt.%. 274 

 275 

3.2. Product analysis 276 

Once the abrasion index for the formulation of all the proposed pellets was established, the 277 

ones that proved to be more resistant were studied in greater depth to determine their quality 278 

as fuel. For that purpose, mixtures with abrasion indexes below 10% (PIN-GP-13% moisture, 279 

PINT-GP-10 wt.% glycerol, PIN-MIS-20 wt.% glycerol, PIN-OP-13% moisture, PINT-OP-13% 280 

moisture and PINT-OP-20 wt.% glycerol) were selected.  281 

Figure 5 shows images of these pellets; comparison of their sizes with the initial PIN and PINT 282 

powdery samples (Figures 5a and 5b) can be easily made by visual inspection. These images 283 

were taken 2 weeks after the pellets were manufactured. As can be seen in image 5e, the PIN-284 

MIS-20% glycerol pellets began to swell, suggesting a poor long term storage capability, 285 

despite their promising results during the abrasion experiments. For this reason this 286 

formulation was discarded for future upgraded experiments. Figures 5d, 5e and 5h clearly 287 

show that none of the PIN-Glycerol formulations are promisingdue to their instability. 288 

Thermogravimetric analysis was performed on the selected samples. Thecorresponding 289 

derivative combustion profiles (DTG) are shown in Figures 6a and 6b. Figure 6a includes raw 290 

PIN, for comparison purposes, together with the PIN-based selected samples (PIN-GP-13% 291 

moisture, PIN-MIS-20 wt.% glycerol and PIN-OP-13% moisture), while Figure 6b includes the 292 

PINT and PINT-based (PINT-GP-10 wt.% glycerol, PINT-OP-13% moisture and PINT-OP-20 wt.% 293 

glycerol) densified formulations. Five main peaks were identified in the DTG curves. The first 294 

peak that appears in the 90-100 °C region corresponds to water originating from moisture. This 295 

peak is especially noticeable for raw samples and samples containing extra moisture 296 

amounting to an overall 13%, whilst in the case of the glycerol-rich samples this peak is, as 297 

might be expected, much smaller. If just the PINT samples containing glycerol are taken into 298 

account, this peak is negligible and smaller than the one obtained in the case PIN-MIS-20 wt.% 299 

glycerol. This is due to the hydrophobicity of the torrefied material that impedes moisture to 300 

be absorbed during storage, as commonly happens in the case of PIN; this characteristic 301 

impoverishes the quality of the prepared samples, as previously mentioned.  302 

The second DTG peak that appears at around 175 °C for PIN-MISC-20 wt.% glycerol, PINT-GP-303 

10 wt.% glycerol and PINT-OP-20 wt.% glycerol corresponds to the volatilization of glycerol. 304 

Two other peaks characteristic of PIN and PINT, corresponding to hemicellulose, cellulose and 305 

partial lignin thermal decomposition, appear at approximately 340 and 485 °C. The peak 306 

corresponding to the fastest mass loss, due to volatiles release from hemicellulose and 307 
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cellulose degradation, referred as peak temperature and commonly used as a measurement of 308 

reactivity [34], corresponds to the one that appears at 340 °C.  309 

There is an intermediate peak, at around 450 °C for all blended samples that can be ascribed to 310 

the second solid component of the prepared blend (i.e., MIS, GP or OP). The relative height of 311 

this peak compared to that of PIN or PINT reflects the relative amount of each component in 312 

the blend.  313 

Finally the energy density of these selected samples was evaluated and reported in Table 2. As 314 

can be seen the energy density values of some of the pelletized samples are considerably 315 

higher than those measured for raw PIN (3850 MJ/m3) and PINT (4078 MJ/m3), reaching a 316 

maximum value of 8762 MJ/m3 in the case of the PINT-GP-10 wt.% glycerol sample. The PIN-317 

MIS blend shows the lowest energy density, even after the addition of glycerol, due to the 318 

poor physical properties of MIS. If the PINT-OP-13% moisture and PINT-OP-20 wt.% glycerol 319 

samples are compared, it can be observed that glycerol addition enhances their HHV but only 320 

slightly increases their energy density as it reduces the bulk density of the samples. The three 321 

samples prepared with the addition of glycerol then present the lowest bulk density.   322 

From the results presented in this study it can be inferred that the addition of quantities of up 323 

to a 15-20 wt.% of solid biomass with high lignin content, such as GP, significantly increases 324 

the mechanical properties of PIN and PINT during the pelletization process under specific 325 

conditions (i.e., the addition of moisture and glycerol,to PIN and PINT, respectively), without 326 

negative impact on their HHV and energy density. 327 

 328 

4. CONCLUSIONS 329 

 330 

The results obtained from the experiments performed in this study give rise to the following 331 

conclusions regarding biomass co-pelletization. Mixtures including solid lignin-rich additives 332 

like GP, show highly enhanced binding properties compared to those of raw PIN and PINT. 333 

However, because of its higher sulfur content, only small quantities of GP are recommended 334 

(maximum between 10 and 20 wt.%). Glycerol can be considered an additive suitable to 335 

enhance the HHV of densified fuels and to improve their lubricant properties, especially in the 336 

case of torrefied samples. On the other hand, an excessive amount of glycerol decreases the 337 

binding properties and durability of these fuels, decreases their bulk density and negatively 338 

affects their energy density. The optimum value can be considered to be between 5 and 10 339 

wt.% depending on the fuel selected. Non-torrefied woody fuels, like PIN, show greater 340 

durability and better energy properties when the only treatment is external moisture addition. 341 

In view of these observations, the mixtures with the most promising properties for scaling up 342 
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to a pelletizing pilot plant level are PIN 80 wt.%-GP 20 wt.%-13% moisture and PINT-80 wt.%-343 

GP 20 wt.%-10 wt.% glycerol. 344 

 345 
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 455 

Table 1. Analysis data for the selected biomass samples. 456 

Sample 
Ultimate analysis 

(wt.%, db) 
Proximate Analysis  

(wt.%, db) 
HHVwb 

(MJ/kg) 

Lignin 
Content 
(wt.%) C N H S O* Ash VM FC* M 

PIN 51.0 0.3 6.0 0.02 42.3 0.4 85.1 14.5 9.6 18.2 26.0 

PINT 53.0 0.4 5.7 0.03 40.6 0.3 80.1 19.6 5.1 20.1 - 

AS 49.4 0.3 5.6 0.05 43.3 1.4 78.9 19.6 6.5 18.4 25.6 

CS 48.0 2.7 5.9 0.21 35.3 7.9 70.4 21.7 6.7 17.8 34.5 

GP 45.5 1.8 5.1 0.17 34.7 12.7 67.6 19.7 11.6 16.7 53.2 

MIS 48.0 0.4 5.8 0.11 36.5 9.2 77.6 13.2 5.6 17.6 21.2 

OP 49.3 1.6 5.4 0.12 37.4 6.2 72.5 21.3 5.2 19.3 42.7 

OS 51.2 0.3 6.0 0.03 41.9 0.6 81.5 17.9 4.3 19.7 30.4 

 457 

* Oxygen and Fixed Carbon were calculated by difference 458 

VM: Volatile Matter; FC: Fixed Carbon; M: Moisture 459 

All results are presented in dry basis (db) except HHV, which is provided in wet basis (wb). 460 

Moisture content is also provided for HHV comparison. 461 

 462 

  463 



16 
 

 464 

Table 2. Energy density values obtained for selected pelletized samples. 465 

Sample BD (kg/m3) HHVwb (kJ/kg) ηenergy (MJ/m3) 

PIN 212 18164 3850 

PIN-GP 13% moist 499 17286 8627 

PIN-MIS 20 wt.% gly 244 18620 4541 

PIN-OP 13% moist 455 17254 7850 

PINT 203 20082 4078 

PINT-GP 10 wt.% gly 429 20442 8762 

PINT-OP 13% moist 443 17701 7833 

PINT-OP 20 wt.% gly 398 20122 7998 

 466 

BD: Bulk Density. 467 

ηenergy: Energy Density. 468 

 469 

 470 

 471 

  472 
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 473 

 474 

 475 

 476 

Figure 1. Cumulative particle size distribution of the solid biomass samples studied. 477 
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Figure 2. Results from the abrasion tests. 
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Figure 3. Evolution of Ai for different GP and OP ratios in the blends with PIN and PINT. 
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Figure 4. Evolution of the abrasion index for the PIN and PINT-Glycerol mixtures. 
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Figure 5. Images of the samples with best durability: a) PIN, b) PINT, c) PIN-GP 13% moisture, 

d) PINT-GP 10 wt.% glycerol, e) PIN-MIS 20 wt.% glycerol, f) PINT-OP 13% moisture, g) PIN-OP 

13% moisture and h) PINT-OP 20 wt.% glycerol. 
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Figure 6. DTG profiles for the tested a) PIN and b) PINT-based pelletized samples, compared 

with the raw biomasses. 
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