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ABSTRACT 

Flowability characterization of milled lignocellulosic biomass is essential for developing viable 

conveying, storing and handling solutions for gasification processes. This study investigated the effect of 

torrefaction on particles size and shape obtained after grinding and on flow properties of pulverized wood. 

Spruce and poplar samples with six torrefaction intensities were knife-milled to obtain biomass powders. 

Particles size and shape distribution were assessed using a morphological particle size analyser and flowability 

parameters were determined with a ring shear tester. A more intense treatment produces finer, rounder and 

more regular particles. Simultaneously, a gradual shifting was observed from a cohesive behaviour for native 

biomass to a nearly free flowing behaviour for the most intensively treated samples. The trends in flowability 

cannot be explained by the size reduction nor the increase of distribution width. Instead, the explanation lies 

in the reduction of shape factor and the sharpness of particle surfaces for treated samples. However, all 

observations are consistent with the loss of resilience of treated wood. From our results, it is clear that 

torrefaction, in addition to its interest on reduction of energy consumption of grinding, should also be 

considered as a pre-treatment step allowing to modify the flow behaviour of biomass powders. 
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1. INTRODUCTION 

Effective use of biomass gains worldwide attention as a feedstock for production of biofuels likely to 

reduce greenhouse gas emissions and dependence from petroleum-based energy resources. After the first 

generation of biofuels, that consumes edible products, a second generation using the lignocellulosic part of 

plants – such as wood – started to be developed at the industrial scale for lignocellulosic ethanol, but still needs 

development to produce biomass-to-liquid (BtL) fuels. One thermo-chemical BtL route includes a gasification 

process followed by a Fischer-Tropsch synthesis [1]. This thermochemical process requires a supply of ground 

biomass in the form of powder for three main reasons: i) to ease the conveying of the raw material along the 

processing chain, ii) to optimize its injection into the gasifier and iii) to increase the chemical reactivity of the 

biomass [2]. Grinding is then essential to obtain biomass powders meeting optimal conditions for gasification. 

However, due to its fibrous and resilient structure, grinding of native lignocellulosic biomass is an energy-

intensive process. Therefore, a pre-treatment step, such as torrefaction, is needed to improve the process.  

Torrefaction is a thermochemical treatment operating at temperatures in the range 200 to 300 °C 

under atmospheric pressure and in absence of oxygen. The process is traditionally characterised by low heating 

rates (<50 °C.min-1) and by a relatively long reactor residence time (typically higher than 30 minutes) [3]. The 

resulting product is intermediate between wood and charcoal and exhibits several advantages when compared 

to the original material such as an increased energy density [4], a decreased hygroscopicity, a dimensional 

stabilization [4], an increased resistance to biological decay [5], a loss of mechanical resilience [6], etc. Several 

studies have shown the efficiency of heat treatment on easing biomass grinding. A reduction of 80-90 % of the 

power consumption needed for grinding torrefied biomass can be attained  in comparison with raw biomass 

[3]. This means a power consumption similar to that of coal. Previous research found a linear inverse correlation 

between the average particle diameter after grinding and the torrefaction temperature  for wood chips and 

logging residues [7]. Pierre et al. developed an original impact device to evaluate the grindability of torrefied 

biomass [8]. The authors showed an energy consumption reduction of 86 % for oak torrefied to 38 % of mass 

loss and a reduction of 99 % for pine torrefied to 45 % of mass loss. 

Currently, transport and handling of biomass powders are a key obstacle for the cost-competitive 

production of second-generation biofuels. Indeed, creating a steady flow of the biomass particles out of the 

storage equipment is a significant issue for biomass processing and conversion. From industrial experience, the 
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most common cause of failure in continuous biomass valorisation facilities is feeding problems into the reactors 

[9]. 

Notwithstanding the frequent occurrence of handling problems, there is still a relatively poor 

knowledge of the flow properties of biomass materials [10]. More research is therefore needed in this field to 

ensure the sustainability of the supply chain [11]. This includes a better understanding of the combined effect 

of torrefaction and grinding parameters and the effects of particles shape and size distributions on powder flow 

properties. Flowability is often characterised through the unconfined yield strength (σc) which indicates the 

tendency of a bulk solid to form a cohesive arch in a hopper and to create ratholes in process equipment [12]. 

Following the procedure described in Section 2.5, unconfined yield strength is obtained from the Mohr analysis 

of the yield locus (failure strength against load stress) of a granular material. 

Regarding particle size, studies for coal-biomass systems have shown that bigger particles tend to 

reduce the bulk solids yield strength compared to finer particles [13]. Several models have been proposed to 

relate the particle size properties to the bulk unconfined yield strength. So far, only inverse relationships 

between the particle size and the unconfined yield strength, whichever the mechanism considered, are proposed 

(Van der Waals Forces, capillary forces, elastic fracture, plastic-elastic fracture) [14–16]. These models have 

typically the following general expression [12]:  

n

p

C d

K
  

(1)

 
Where σc represents the unconfined yield strength, K and n stand for constants dependent on the 

material properties and dp is a particle size descriptor. Experiments conducted on flame retardant powders  [17] 

showed that samples cohesion decrease with increase of particle size. Similar conclusions for black soybean 

powders, where fine fractions were reported as cohesive, were made by [18]. Rohilla [19] concluded that there 

exists a particular particle size after which intermolecular forces become larger than weight forces, which 

triggered a decrease on flowability of fly ash samples. 

The lack of suitable standard methods for measuring and classifying particle shapes, the heterogeneity 

of shapes and the fibrous nature of biomass particles makes it difficult to characterize the effects of these 

parameters on the flow properties [9]. Yet, several studies assessed the effects of shape on unconfined yield 

strength and found that irregular shapes tend to increase the cohesive strength between particles. According to 

[12], two key parameters influence the strength of a bulk powder system: the number of contacts per adjacent 
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particles and the direction of these contacts relative to the centroid axis between adjacent particles. In the case 

of irregular particles, more effective contacts exist between particles and this situation can therefore increase 

yield locus values, resulting in a more cohesive behaviour. Several studies have shown that bridging properties 

of chipped solid biofuels are mainly controlled by the shape and the size of the particles [20]. A high proportion 

of hooked or long and thin particles increased the bridging tendency. Similar results were obtained by [21] for 

ground pine and spruce. Hann [22] found that powders with narrow particle size distributions had better 

flowability and that bulk solids with rounded edges resulted in a greater unconfined yield strength. Particle 

shape is also essential when studying the specific surface area that governs mass and heat transfer phenomena 

during gasification [23–25]. 

Even though particle size and shape are likely to have the greatest impact on powder flow properties, 

few studies have evaluated powder flow in relation to both, particle size and shape, especially regarding biomass 

powders, and even less knowledge is available about the effect of heat treatment on particles properties. 

Previous works have reported the effect of torrefaction intensity as measured by the global mass loss 

(ML) on the flowability of biomass powders [26]: a direct relationship between the ML and the flowability 

factor was observed. The current work investigates the effect of different torrefaction intensities on the flow 

properties of knife-milled biomass (spruce and poplar), and assesses the relations between: 

‐ The torrefaction mass loss and the particle size and shape obtained after grinding 

‐ The particle size and shape and the granular material flow behaviour. 

The results of this research are summarized as expressions between torrefaction operating conditions 

and physical properties and flowability of biomass particles. They are very useful in optimizing the BtL chain 

as they allow the compromise between energy loss due to torrefaction, grinding energy and flowability to be 

clearly assessed. 

2. MATERIALS AND METHODS 

2.1. Biomass preparation 

A hardwood and a softwood species have been considered for this study. Poplar was chosen as 

hardwood (Populus euro-americana Koster) as it is a promising forest energy crop, namely due to its fast growth 
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in temperate climates. The development of poplar genotypes with improved yield, higher pest resistance, 

increased site adaptability and easy vegetative propagation has made poplar a commercially valuable energy 

crop [27,28]. The poplar tree selected for the present study came from a forest located in La Suippe valley in 

Auménancourt-le-Petit (France). Spruce (Picea abies), a softwood species, is another potential candidate to be 

used in BtL chains, mainly because of its intensive current use in the forestry industry. A spruce tree coming 

from a plantation in the Le Châtaignier forest in Riotord (France) was selected. Both trees were chopped and cut 

in boards that were subsequently dried. 

The sample size was chosen to fulfil several constraints such as the amount required for flowability 

tests (30 cm3 of powder needed), the grinding capacity of the grinder (maximum length) and the homogeneity 

of the heat treatment (small thickness). The size of each individual wood chip was thus fixed to 20x20x3 mm3. 

Each sample of Table 1 consists of 32 chips of this size. The basic densities (oven-dry mass over saturated 

volume) are 311 ± 9 kg/m3 and 330 ± 10 kg/m3, for untreated poplar and spruce respectively. The respective 

growth ring widths are 14 mm and 2.85 mm. As it is well-known that wood properties present little changes in 

the longitudinal direction, all samples were collected along a single board to reduce the intra-tree variability. To 

further average the remaining variability and obtain twin samples, the 32 wood chips of each sample were 

selected following a recurrent stepped scheme along the board [26]. 

Table 1. Torrefaction conditions and global mass loss for the 14 samples studied. 

Torrefaction temperature (°C)
Duration of 

torrefaction (h) 

Global mass loss, ML 
(%) 

Poplar Spruce
Untreated 0 0 

220 1 2.8 2.0 
220 5 8.0 4.7 
250 1 12.0 7.1 
250 5 21.3 14.4 
280 1 25.2 18.7 
280 5 47.3 38.1 

 

In agreement with previous findings of [6,29,30], the mass loss values confirm the lower thermal 

resilience of poplar compared to spruce (Table 1). This is mainly explained by the lower resistance of hardwood 

hemicelluloses and lignins to heat treatment [31,32].  
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2.2. Torrefaction 

A batch torrefaction furnace specifically developed in the laboratory was used to treat the samples 

[33]. The atmosphere of a hermetically closed Memmert UFP400 chamber is controlled by sweeping a nitrogen 

flow (5 L.min–1) to reduce the oxygen content, thereby avoiding oxidation and ignition. In all cases, the oxygen 

level, as measured at the gas outlet, remained below 1.5 %. A powerful fan inside the chamber ensures an 

efficient heat transfer either to heat-up the sample or to limit thermal overshot due to exothermic reactions. 

The gas temperature was measured nearby the samples using a K-thermocouple. 

A total of six treatments were performed at 220, 250 and 280 °C for 1 or 5 hours with the following 

protocol: (i) heating from room temperature at a rate of 5 °C min-1 up to 100 °C (ii) plateau at 100 °C for 30 

minutes to remove the residual bound water (iii) heating at a rate of 5 °C min-1 until the treatment temperature. 

(iv) plateau at the treatment temperature for the desired duration and (v) cooling down thanks to thermal losses 

and an increased nitrogen flow entering the reactor. Preliminary simulations were performed using a 

comprehensive computational code to ensure that the treatment duration together with the sample thickness 

ensures the treatment to be quasi-uniform within the sample [34]. 

After treatment, samples were weighed to determine the mass loss (ML) due to heat treatment as 

follows: 

100(%) 
0

0 



m

mm
ML t

 

(2)

Where, m0 and mt are the oven-dry mass before and after torrefaction, respectively. Mass loss is known 

to be a good indicator of the treatment intensity [4] and has been successfully correlated to several properties 

of the treated biomass such as energy properties [8] or dimensional changes [6]. 

2.3. Grinding procedure 

Heat-treated samples were ground in a M20 IKA laboratory 550W knife miller. An automatic control 

system was implemented to guarantee the repeatability of the grinding procedure. The rotational speed of the 

knives (stainless steel cuter M21) was 20 000 rpm. To avoid any additive heat treatment due to thermal 

dissipation, several grinding and resting cycles were carried out, up to a total grinding time of 95 seconds. A 

circulation of cold water inside the grinder jacket further reduced sample heating. 



7 
 

2.4. Particle size and shape analysis 

A Sympatec-QICPIC morphological particle size analyser with a M7 lens (measurement ranges from 10 

to 10240 µm) with a GRADIS dispersion and VIBRI feeding units was used in this work [35]. To conduct the 

test, about 5 g of wood powder was loaded onto the hopper of the instrument. The size and shape of powders 

were recorded and analysed using the manufacturer software. 

The mean value of the Feret diameters over all orientations of the particle) is used as the magnitude 

characterizing particles size. The 50th centile of the cumulative volume distributions (x50) was taken as a mean 

size descriptor of each size distribution. The particle shape was characterised through the circularity, ψ (from 0 

to 1), which is defined as the ratio of the perimeter of a circle having the same area as the projected area of a 

particle to its actual perimeter. A perfect sphere would give ψ =1 and the smaller the value of ψ, the more 

irregular is the shape of the particle. Mean values of circularity ψ50 were calculated as the 50th centile of the 

cumulative circularity distributions. 

The flow of a polydispersed bulk solid primarily depends on flow properties of the fines fraction [13], 

the size analysis of particles having a size under 100 µm was made for all samples. Hence the sieve fraction of 

the samples with a size below 100 µm was analysed. This fraction was obtained by using a vibratory sieve shaker 

Retsch AS 200 at a frequency of 60 Hz for 20 minutes. Particles size and shape were analysed using a M4 lens 

allowing a better resolution for finer particles in the range from <1µm to 1700 µm. The use of this lens needs 

samples to be fed as a liquid dispersion. Biomass powders were first coloured by means of a 24-hour soaking 

in a Safranin-O – 10 % ethanol solution to avoid agglomeration, then diluted in 500 mL of water. This solution 

was pumped into the LIXELL wet dispersion system. Results presented are the combination of three 

repeatable tests. 

2.5. Flowability tests 

A RST-XS Schulze ring shear tester was used to assess the flow properties of biomass powders. The 

ring shear tester is a widely-used device to measure flow properties of powders, including angle of internal 

friction, wall friction and bulk density. The standard procedure leads to results with low variability [36]. 

According to this procedure, once the shear cell with the powder sample has been prepared, the maximum normal 

preshear stress, σpre, is applied on the cell lid. A typical evolution of the shear stress obtained from torque 

measurements is represented in Figure 1a. The pre-shearing step is carried out up to the attainment of a steady 
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state value of shear stress in which the frictional forces between particles are maximum with respect to the 

applied normal load. At this point the powder attains a well-defined and reproducible state of consolidation 

corresponding to the top point of the yield locus represented in Figure 1b. This steady state often occurs when 

the sample volume and thus its bulk density, ρb, reaches a steady state value at the end of compaction [37]. After 

the preshearing, the direction of shear is reversed, i. e. the shear stress is reduced to zero. Then, the normal 

stress is reduced to a value σsh,1 < σpre and the specimen is sheared until a peak value of shear stress, τsh is reached 

(incipient flow or failure) [10]. The sequence of two steps is repeated with the same σpre and increasing σsh. Finally, 

a verification point at σsh,1  is made. The (σ, τ) couples obtained at failure are drawn to represent the yield locus 

corresponding to the consolidation applied as shown in Figure 1b). 

A set of three pre-consolidation stresses (σpre), considered as representative of the stress range for 

industrial applications, were tested: 2, 5 and 10 kPa [38]. Three shear points at 25, 50 and 75 % of σpre for each 

pre-consolidation stress were used to determine the yield locus of each sample. The yield locus curves were 

regressed from experimental points by a linear regression.  

As represented in Figure 1 b), the Mohr circle drawn through steady state point and tangent to the 

yield locus locates the major principal stress σ1, corresponding to the consolidation applied. The unconfined yield 

strength is given by the major principal stress passing through the origin and tangent to the yield locus. In Figure 

1b), the dashed line passing the origin and tangent to the larger Mohr circle is the effective yield locus. Its angle of 

inclination with respect to the σ axis is the effective angle of internal friction ϕe. Yield locus for a non-cohesive granular 

material passes through the origin, so cohesion, C, corresponds to the value of the shear stress where the yield 

locus intersects with the τ axis, i.e., at the normal stress σ = 0. By measuring yield loci for different pre-

consolidation stresses a flow function (σc vs. σ1) can be drawn. 

Unconfined yield strength governs the stress holding the material together on a free surface. It is the 

major principle stress that acts in a direction parallel to the free surface which supports the external forces 

tending to tear the surface apart [39]. The bigger its value, the higher the stress required to fail or fracture the 

granular material to initialize the flow. The unconfined yield strength indicates the tendency of a bulk solid to 

form a cohesive arch in a hopper and form ratholes in process equipment [12]. 
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The ratio FFC (flow function coefficient) of consolidation stress to unconfined stress (σ1/σc) is used to 

quantify the flowability. The larger FFC, the better a bulk solid flows. All properties obtained from the Schulze 

ring shear tester are usually reported as a function of the major principal stress of consolidation. 

 

 

Figure 1. Flow properties determination (Untreated poplar sample, σpre = 5 kPa). a). Experimental course of shear stress; b) 

yield locus construction and Mohr stress circles defining unconfined yield strength and consolidation stress. 

3. RESULTS 

3.1. Effect of torrefaction intensity on particle size and shape distributions  

 

A surface representation (Figure 2) was chosen to represent both the shape factor and the particle size 

distributions for three degrees of torrefaction: untreated, mildly treated (250 °C, 1 hour) and intensively treated 

(280 °C, 5 hours). A gradual shifting from large particles with relatively low circularity towards finer particles 

and higher values of circularity becomes evident when increasing the torrefaction intensity. This reduction of 

particle size is a direct effect of the loss of resilience [40] . This is also the primarily reason of using torrefaction 

as pretreatment on the BtL chain: to obtain small and reactive particles at a lower grinding energy cost. 

These 2D graphs deserve a deeper analysis of the concomitant changes of size, circularity and peak 

intensity. For poplar powders, the peak value for circularity changed from ψ = 0.6 to ψ = 0.75 (increase of 25%) 
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from untreated to the most treated samples. For spruce, circularity peak values increased from ψ = 0.55 to 

ψ = 0.77 (increase of 40%). This increase of circularity with torrefaction was already observed for pine [7].  

From the colour scale, it is also noticeable that, for both species, a spreading of the distributions 

occurs at increased heat treatment intensity. For poplar, the initial, sharp, peak at 2 mm evolved progressively 

towards a wider peak spreading towards smaller and more spherical particles. Spruce presents a different 

behaviour as two populations gradually appear. The initial peak is slightly shifted towards smaller particles (1800 

µm, 1500 µm and 600 µm, from untreated to 7 % and 38% of ML) and progressively disappears. Another peak 

is already visible at ML = 7.1% at a mean particle size of ca. 300 µm. For the most severe treatment (ML = 

38.1 %) the initial peak almost disappeared and the second peak represents a large part of the power volume, 

with smaller (ca. 100 µm) and round particles (ψ = 0.77). 
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Figure 2. Influence of torrefaction intensity on circularity and size distributions for spruce and poplar powders. The colour scale 

indicates the volume fraction of each size and shape range and varies between the same values regardless of the torrefaction intensity 

for each species. 

Figure 3 (top) presents the cumulative volume particle size distribution (PSD) for poplar and spruce. 

This synthetic representation allows the size reduction at increasing heat treatment intensities to be quantified. 

The trends reported in this figure confirm literature data [2,7,41]. In the case of poplar, for the highest values 

of mass loss, the cumulative distributions tend to overlap. This indicates that a plateau in particle size seems to 

be reached after a certain treatment intensity. Again, spruce presents a different behaviour, as a significant 

shifting of the particle size distribution towards finer particles is still observed for the most severe treatments.  

These trends are confirmed by the analysis of the fines fraction (Figure 3, bottom). For poplar, the 

fines fraction presents a plateau at ca. 7 % of the total particle volume and the three most severe treatments 

(21% to 47% of mass loss) are very close. On the contrary, a large increase of the fines fraction is observed for 

ML = 38%: almost 40% of the particle volume. It is also obvious that the particle size distribution continues 

to shift towards small particles. 
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Figure 3. Influence of torrefaction intensity (Mass Loss ML) on PSD: whole sample (top) and fines fraction (bottom) 
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Figure 4. Effect of torrefaction intensity on the mean particle size (left) and volume of fines (right) of poplar and spruce powders. 

As synthetic indicator of the particle size reduction, the 50th centile (x50) of the particles size 

distribution was plotted as a function of ML in Figure 4. For the entire particle samples and for the fines 

fractions as well. Exponential expressions of the form 50 ( )c MLx a b e    were also fitted from these 

experimental data. The fitted parameters are presented in Table 2. These models imply an asymptotic behaviour 

whose limit at "infinite torrefaction intensity" equals 427 µm for poplar and 226 µm for spruce. 

 

Table 2. Parameters of the exponential regressions of the form  50 exp( )x a b c ML     for the mean particle size after 

grinding as a function of ML. 

 
Sample a b c 
Poplar whole samples 1067 0.40 0.069 
Poplar fines 347.4 0.38 0.170 
Spruce whole samples 1258 0.18 0.104 
Spruce fines 120.7 0.91 0.069 

 

 

The general trend clearly confirms the loss of resilience at increasing treatment intensity. A similar 

behaviour is observed for the two species. Yet, larger particles are obtained for poplar compared to spruce at 

similar torrefaction intensity. For spruce, the particles size is reduced by 88% for untreated to severely treated 

wood (ML = 38%). The reduction is only by 68% for poplar. A higher effect of thermal treatment on the 

particle size reduction is therefore evident for spruce, even though the ML presents an opposite trend (lower 

values for spruce than for poplar for given torrefaction conditions). 
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This result is quite surprising as the alteration of lignins and hemicelluloses by heat treatment explains the 

increase of cell wall brittleness. The native lignins of conifers are essentially constituted of guaiacyl (G) units 

together with a low proportion of p-hydroxyphenyl (H) units (except in compression wood rich in H units). 

Along with the G units and traces of H units, the lignins of deciduous trees are constituted of syringyl (S) units. 

The proportion of resistant bonds in native lignins increases with the frequency of G and H units whereas S 

units are mostly involved in weaker β-O-4 linkages. From this molecular point of view, poplar resilience should 

therefore be more deeply altered by heat treatment than spruce.  

 

As the observation regarding PSD depicts an opposite trend, the explanation is likely to rely on the difference 

in anatomical structure. Poplar is a pore-diffuse hardwood species which presents two levels of porosity: vessels 

and cell lumen (fibers and parenchyma cells). This heterogeneity creates various possible fracture pathways of 

the tissue that permits large particles to be formed. On the contrary, spruce is made of tracheids for 95% of its 

volume. Consequently, the formation of particles necessarily required fractures at this unique pore scale. This 

produces smaller particles, namely single tracheids or fractions of tracheids and a significant proportion of fines 

particle even at low treatment intensity. Obviously, this trend is stronger at higher ML levels, due to its effect 

in weakening the cell wall. The consequence on the proportion of fines (particle < 100 µm) is impressive: 

whereas both species depict a linear increase with mass loss, the proportion of fines increases up to 40% for 

spruce, against 8 % for poplar. 

 

Finally, two synthetic indicators, in addition to the 50th centile values, are proposed to quantify the spreading 

of the distributions, the span criteria: SX for size and Sψ for circularity, calculated from the respective 90th and 

10th centiles of cumulative distributions as follows: 

90 10

90 10
x

x x
S

x x





 

(3)

90 10

90 10

S
 
 





 

(4)

Where 90x  and 10x  stand for the 90th and 10th centiles of the PSD and 90 and 10 represent the 90th 

and 10th centiles of circularity distributions. 
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These criteria are reported in Table 3. The span of the particle size distribution tends to increase with 

the increase of torrefaction intensity. This trend is clearer for poplar than for spruce. However, for both species, 

an important increase from torrefied to untreated samples is observed (+50% for spruce and +19% for poplar). 

Powders of torrefied wood exhibit a more polydispersed population with smaller sizes than powders of native 

wood. The span of circularity distributions did not depict any clear tendency.  

 

Table 3. Ground samples properties: Global mass loss, mean particle size, mean circularity and span values. 

Torrefaction 
temperature 

(°C) 

Torrefaction 
duration (h) 

Poplar Spruce 

ML 
(%) 

x50 

 (µm) 
Sx ψ50 Sψ 

ML 
(%) 

x50  (µm) Sx ψ50 Sψ 

Untreated 0 1504 0.56 0.57 0.24 0 1611 0.67 0.52 0.26

220 1 2.8 1261 0.69 0.60 0.22 2.0 1153 0.86 0.53 0.29

220 5 8.0 1006 0.73 0.62 0.20 4.7 881 0.87 0.55 0.28

250 1 12.0 975 0.79 0.63 0.21 7.1 940 0.90 0.54 0.29

250 5 21.3 606 0.84 0.70 0.19 14.4 520 0.86 0.59 0.28

280 1 25.2 628 0.82 0.68 0.20 18.7 504 0.88 0.58 0.30

280 5 47.3 475 0.84 0.72 0.21 38.1 192 0.80 0.72 0.21

 

3.2. Effect of torrefaction intensity on flow properties of biomass powders. 

Flow functions presented in Figure 5 give information about the different flowability regimes by 

considering the ratio between the unconfined yield strength and the major consolidation stress (Jenike, 1964). 

A FFC value below 1 indicates a not flowing behaviour, while a value of 4 represents the transition from 

cohesive to easy-flowing. Above 10, the powder is considered as free-flowing. The graphs obtained for our 

samples depict a clear effect of the heat treatment intensity on the evolution of these flow functions, either for 

spruce or for poplar.  

For poplar, the curve obtained for the powder of native biomass is close to the line FFC = 4. It is 

therefore at the transition between cohesive and easy-flowing behaviour. Starting from this value, a gradual and 

regular shift of the curves towards higher values of FFC is evident. The most intense treatment lies close to 

FFC = 10, which is the transition between easy-flowing and free-flowing. 
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Spruce samples depict the same trend, but over a larger amplitude. Untreated biomass is at the middle 

of the cohesive zone, whereas the curve obtained for the most intense treatment (ML = 38 %) the FFC = 10 

boundary. One has also to notice that the progression observed for spruce is not as regular as for poplar.  

 

Figure 5. Effect of torrefaction intensity (ML) on flow properties for a. poplar and b. spruce powders (σpre = 5 kPa). 

These trends encouraged us to use the mass loss due to heat treatment (ML) as indicator of the 

flowability of biomass powder. As stated in this introduction, this parameter already proved to be an excellent 

synthetic indicator [4] for other biomass energy and mechanic properties. To that purpose, the value of FFC 

obtained with a pre-consolidation stress of 5 kPa was plotted as a function of ML for both species (Figure 6).  

Except one point for spruce, the quasi-perfect linear relationship obtained is remarkable. Similar trends were 

found for the other consolidation stresses studied (see the Annexe). Both species showed a quantitatively similar 

trend. Flowability factor increased by 105% and 118% for poplar and spruce, respectively, from the untreated 

to the most intensively treated samples. Mass loss could then be used in industry for practically assessing the 

powder flowability of biomass powder under consolidation, since its ease of obtaining. In addition, both species 

are on the same line. By removing the singular point found for spruce at ML = 14.4 %, a unique, linear, 

expression can be proposed to predict the effect of mass loss on flowability, valid for all the consolidation 

stresses studied (r2=0.80): 
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In this expression, that should be considered has one of the major outcomes of the present work, 

FFCuntreated represents the flowability factor (dimensionless) of powder from native biomass and ML is the mass 

loss due to heat-treatment (kg/kg). As a conclusion from this trend it can be seen that, in contrast with raw 

biomass, torrefied wood particles have higher flowability, which will ease the injection of pulverized biomass 

into boilers in gasification units. 

 

Figure 6. Effect of the torrefaction intensity on the flowability factor of poplar and spruce powders (for clarity purposes only values 

at σpre = 5 kPa are presented). 

4. DISCUSSION ON THE COMBINED EFFECTS OF 

PARTICLE SIZE/SHAPE AND TREATMENT INTENSITY. 

The previous results told us that: 

1. The treatment intensity allows smaller and more spherical particles to be produced by grinding, 

2. The flowability of particles obtained from heat-treated wood increases significantly and linearly with 

mass loss. 
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It is therefore likely to go further in the explanation and to investigate if the evolution of the flowability can be 

explained by the particle size and shape. To that purpose, Figure 7 represent some of flow properties as a 

function of particle size and circularity. Either for poplar or for spruce, the unconfined yield strength increases 

with particle size and decreases with circularity. Similar trends were found for the other consolidations stresses 

studied and presented in Annexe. The third plot (Figure 7c) represents the value of FFC obtained with a pre-

consolidation stress of 5 kPa in a 3D plot, which depicts the concomitant change of size and circularity. This 

last plot summarises the effect of heat-treatment on flowability: 

‐ Heat-treatment reduces the mean particle size and increases the circularity, 

‐ The cumulated of these two trends increases the powder flowability. 

As stated in previous works [37,42–44], for a given shape, flow properties tend to improve with mean 

particle size. As particles become finer, the van der Waals forces of attraction between them increase relatively 

because of their larger specific surface area (m2/g). During shear cell testing, there is a larger number of particle-

particle contacts on the shear failure plane for a powder comprised of smaller particles (Hou & Calvin, 2008).  

Consequently, the total area of contact is larger for smaller particles. At the same time, particles with less mass 

are subject to lower gravitational forces.   

The net result of these effects is the shifting of the yield locus towards higher stresses and thus, a 

larger value unconfined yield strength and smaller flowability, which is opposite to the clear trends observed in 

the present work. Other effects are therefore likely to counterbalance the sole effect of particle size. In addition 

to the mean size, the width of size distribution might be involved. As reported in [38], qualitatively speaking, 

flowability of bulk solids having the same median, x50, increases with decreasing width of the particle 

distribution. Again, this observation would produce an effect opposite to our observations: Table 2 tells us that 

the intensity of heat-treatment increases the width of the particle distribution, yet the flowability increases. 

Polydispersity effects were also studied by [37] for a mixture of coarse and fine lactose particles. The larger the 

percentage of the finer component, the more the yield locus was shifted towards higher stresses and the smaller 

the flowability. Interestingly, this trend was not observed for torrefied biomass powders.  

Additional explanations have therefore to be found. The flowability improvement could then be 

triggered by the change in the shape factor of the particles. Generally, when considering coarse particles, 

smooth, spherical particles flow better than rough, sharp-edged, non-spherical particles. This has been 
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demonstrated for different kinds of granular materials:  [45] found that the higher the mean circularity the lower 

the cohesion for glass beads samples. Deviation of particle shape from sphericity led to higher angles of repose 

for microcrystalline cellulose [46] and higher compressibility in lactose powders [44]. [47] also concluded that 

there is an increase in the flowability of bulk solids when there is an increase in the shape factor of the particles. 

 

Figure 7. Effect of particle size and shape on flow properties for poplar and spruce powders: a. b. Unconfined yield strength, c. 

flowability factor (σpre = 5 kPa). 
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For untreated biomass powders, the steric repulsion and frictional forces that are a consequence of 

the particle geometry lead to a greater extent of inter-particulate friction and locking. Hence, yield loci are 

shifted to bigger values when compared with torrefied samples, resulting in a decreased flowability.  Similar 

findings have been reported previously by [48] for pharmaceutical powders, where some flowability properties 

such as the internal angle of friction where primarily influenced by particle shape and relatively independent of 

particle size. 

Another effect to take into consideration, regarding polydisperse systems such as biomass powders, 

is the lubricant effect of fine particles on coarser ones. Flow agents prevent particle surface from direct contact, 

reducing inter-particle adhesion forces and improving flowability. In the case of intensively torrefied powders, 

where very fine-grained powders were obtained and therefore the adhesive force between the biggest particles 

would be reduced due to the increased inter-particle distance caused by very small covering particles acting as 

lubricant. However, flow agent particles must be sufficiently small in order to limit the adhesive forces of the 

flow agent particles themselves. The bigger shifting of flow functions from cohesive to free-flowing behaviour 

shown in Figure 5 for spruce powders could be seen as a result of the higher amount of very fine particles 

compared to poplar samples. Since flow agents are often based on nanosized particles, a granulometric analysis 

at nanometric resolution would be useful for further validation of this hypothesis. 

Besides size and shape modifications, torrefaction is likely to alter the surface properties of biomass 

powders as well. The hydrophobic nature of torrefied samples could affect flow properties trough the 

electrostatic forces in two ways. Firstly, as the presence of bound water lowers the electrical resistivity, raw 

samples (which tend to capture moisture more easily) will tend to dissipate the electrostatic charges better. 

Secondly, as indicated in previous research [49], the electrostatic properties of the particles are directly related 

to the surface functional group chemistry: hydrophobic groups accumulate greater quantities of charge than 

hydrophilic groups. All of this would mean that, all other parameters being the same, torrefied samples are 

more likely to present flow problems linked to charge build-up. However, flow problems induced by 

accumulation of electrostatic charges are mainly to be expected in free surface flows of fine powders or when 

the powder is in contact with non-conductive surfaces. In closed systems, as the ring shear tester, the effect of 

electric charges could thus be mainly neglected. As the samples were oven-dried prior to the flowability 

measurements, the formation of liquid bridges at the particle scale (which could increase cohesion) was also 

neglected. 
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SEM images of particles were grabbed for spruce and poplar for different treatment intensities using 

a FEI Quanta electron microscope (Figure 8). When the treatment intensity increases, a decrease of particles 

length for a relatively similar width can be observed. This means a reduction of particles elongation which 

generally goes hand-in-hand with a circularity increase, as measured by the granulometric analysis made. The 

changes of circularity are very gradual, especially at low treatment intensities (Table 3). They become significant 

for intense treatments (for poplar, average circularity increased by +26 % compared to the raw biomass). SEM 

images are rather intended to show tearing, pulling-out and breaking profiles, that are affected by torrefaction, 

in addition to the shape changes (that are better evaluated statistically by the granulometric analysis). For 

untreated samples, the fibrous and resilient behaviour of wood produces irregular needle-like particles, with 

tearing and pull-out profiles. Pulled-out fibres together with rather elongated particles certainly promote particle 

agglomeration, which is likely to reduce powder flowability. On the contrary, sharp breaking surfaces are 

observed for torrefied samples. These observations confirm the conclusions of both shape and size analysis 

and are in good agreement with those done by [50,51]. The effects of loss of resilience on the particle shape 

becomes thus evident, from native to severely treated biomass. 
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Figure 8. Scanning Electronic Microscopic images for untreated and torrefied spruce and poplar powders. 

As a conclusion of this discussion, we proved that the increase in flowability of wood powder with 

heat-treatment intensity is in complete opposition with the reduction of mean particle size or the increase in 

distribution width. Therefore, different effects should be involved to counterbalance the effect of particle size 

and to explain the clear improvement of flowability with heat treatment. Two major effects were pointed out. 
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Both are tied to the loss of resilience of the fibrous behaviour of native biomass: i) the reduction of the shape 

factor (higher particle circularity) and ii) the much higher regular and convex shape of particles.  

 

 

5. CONCLUSIONS 

The study, focused on two wood species, poplar and spruce, investigated the effect of torrefaction on 

the particles size and shape obtained after grinding and on the flow properties of milled wood. Overall, a gradual 

shifting of the particle size and shape distributions towards finer and rounder particles was observed when 

increasing treatment intensity. At the same time, a significant improvement of the flowability with torrefaction 

intensity was also clearly exhibited. Milled biomass gradually shifted from a cohesive character for the native 

samples to a nearly free flowing behaviour for the most intensively treated samples. Considering these 

observations, a unique linear expression between torrefaction intensity and flowability factor was proposed for 

the two-species studied here. 

Finally, we proved that the concomitant evolution of particle sizes and distribution width and 

flowability parameters are not consistent as smaller particles should exhibit lower flowability. Indeed, the 

increase of flowability is mostly due to rounder particles with sharp surfaces of treated biomass compared to 

long and irregular needle-like particles obtained for native biomass. Both consequences, flowability 

improvement and size/shape factor reduction, are therefore explained by the same effect: the loss of resilience 

of the fibrous structure of raw wood by heat-treatment. 
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APPENDIX: Additional flow properties: angles of  

friction, cohesion and bulk density. 

The friction angles are parameters related to the inter-particle friction of bulk solids and are one of 

the most used parameters to characterize their handling behaviour. The angle of internal friction ϕlin is obtained 

from the slope of the linearized yield locus and the slope of the effective yield locus represents the effective 

angle of friction ϕe [38]. 

Cohesion characterizes the shear stress at yield under zero normal stress, i.e. the intersection of the 

yield locus with the ordinate. Bulk density is defined as the ratio of the mass of an amount of bulk solid to its 

volume. It is usually function of the consolidation stress. In the Schulze ring shear tester, the bulk density is 

calculated from the total charged mass of sample and the volume considering the lid displacement for a given 

consolidation stress [38]. 

Erreur ! Source du renvoi introuvable. presents the values of the linearized internal angle of friction 

and the effective angle of internal friction resulting from the Schulze shear cell tests. There is not much 

difference between the angles for poplar and spruce showing that there is a similar interparticle friction when 

the two species are compared. Variations of angles between the different degrees of torrefaction intensity are 

not very clear and are often below the standard variation of the set of measurements (around 1°). These results 

are comparable with those obtained by [52] for poplar chips (φlin ≈ 46°).  

Regarding cohesion, it follows the same trend than the unconfined yield strength: a more cohesive 

behaviour is observed for the untreated powders then a gradual decrease follows until the minimal value for 

the most intensively torrefied samples. Like the other flow properties, cohesion is strongly dependent on the 

consolidation stress: with increasing consolidation stresses the yield locus skewed towards greater shear stresses 

because of the greater shear stress necessary to initiate flow. When the two-wood species are compared, 

relatively more cohesive behaviour was found for the spruce samples than for poplar powders. 

Table 1. Flow properties for milled poplar and spruce at different torrefaction intensities. 
    POPLAR SPRUCE 

 ML (%)  ML (%) 
σpre (kPa)  0.0 2.8 8.0 12.0 21.3 25.2 47.3 0.0 11.4 14.7 17.4 25.4 30.9 46.5 

Unconfined yield 
 strength (kPa) 

2 1060 1148 1375 1207 906 983 582 1299 1508 1151 1174 884 988 912 
5 3393 3310 3190 3011 2554 1926 1430 4717 4042 3172 2979 1945 2426 1557 
10 6992 6635 7607 6171 4610 5267 3293 7729 8277 6619 6925 4570 5006 2370 
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Flowability factor 
FFC 

2 5.2 5.0 4.8 5.3 6.9 6.6 9.2 3.5 3.7 4.9 4.7 6.5 6.0 5.8 
5 4.6 4.4 4.9 5.0 6.0 6.3 9.4 3.9 3.8 4.5 4.8 7.4 6.2 8.4 
10 3.9 4.2 4.1 5.1 6.3 5.7 8.5 3.0 3.4 4.1 4.2 6.2 6.3 11.0 

Major consolidation  
stress (kPa) 

2 5490 5692 6564 6360 6231 6449 5355 4517 5544 5473 5550 5759 5814 5273 
5 13906 14407 15507 15172 15352 14087 13458 15437 15437 14160 14127 13629 14450 12937 
10 26978 27981 30957 31709 29251 29737 27927 23359 28432 27003 28881 28046 30395 25861 

Angle of 
 internal friction, φlin (°) 

2 43.8 47.4 47.2 48.0 47.7 47.4 45.3 39.0 41.8 43.5 45.1 46.5 46.9 44.7 
5 42.2 44.5 48.0 47.4 46.5 47.3 44.2 40.0 46.2 44.4 44.5 46.5 46.0 44.3 
10 43.4 44.9 46.2 45.2 45.2 45.9 46.2 39.6 44.3 43.5 45.2 45.4 47.2 44.0 

Effective angle 
 of friction, φe (°) 

2 48.1 51.6 51.6 51.8 50.7 50.5 47.6 46.2 48.2 47.8 49.2 49.7 50.5 48.4 
5 48.2 49.6 52.3 51.5 50.0 50.4 46.5 47.6 51.9 49.4 49.1 49.5 49.5 46.8 
10 49.3 50.1 51.5 50.3 48.5 49.6 48.6 47.9 51.0 49.1 50.4 48.9 50.6 46.0 

Cohesion (kPa) 
2 226 225 269 232 175 192 120 310 337 232 244 176 195 190 
5 752 692 612 466 508 452 302 1099 650 665 625 390 493 327 
10 1510 1385 1530 1515 944 1067 662 1819 1742 1415 1428 937 980 503 

Bulk density (kg/m3) 
2 152  164  180 180  221  211 221  153  153 174   174 217 221   243 
5 152 176 189 187 231 218 224 146 162 188 187 222 232 255 
10 165 181 196 195 238 228 227 188 177 198 198 233 237 266 

 

Bulk density was found to be directly dependent on the torrefaction intensity of the samples and the 

consolidation stress applied. Most intensively treated samples trigger denser powders after grinding that 

untreated ones. This is due to the reduction of both inter- and intra-particle voids generated after grinding with 

the reduction of particle size. This behaviour agrees with the observations by Mani et al [2]. The increase of 

bulk density with torrefaction intensity is important: an average of 43% is gained for the most intensively 

torrefied poplar sample with respect to the untreated sample. For spruce an average increase in bulk density of 

58% was observed.  
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