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Abstract 
Fragmentation and attrition of two biomass fuels, namely wood chips and wood 
pellets, was investigated in a lab-scale fluidized bed apparatus under both 
combustion and gasification conditions. The aim was to study the effect of their 
different mechanical strength on fuel particle size distribution and overall carbon 
conversion. Primary fragmentation tests showed that for wood pellets limited 
fragmentation occurred during devolatilization, with a fragmentation probability 
around 30% and particle multiplication factor of 1.4. On the contrary, wood chips 
were subject to extensive fragmentation as witnessed by large values of the particle 
multiplication factor and of the fragmentation probability. 
Results of char attrition experiments carried out under inert, combustion and 
gasification conditions showed that the carbon loss by elutriation is only critical 
during gasification, especially for the wood chips char. A gasification-assisted 
attrition mechanism was proposed to explain the experimental results, similar to the 
combustion-assisted attrition already documented under oxidizing conditions. The 
higher mechanical strength of the wood pellets appears to be beneficial for 
reducing carbon elutriation and for obtaining a higher carbon conversion. 
 
Introduction 
Biomass fuels provide an attractive primary energy source because of their 
renewable nature, neutrality with respect to greenhouse-compounds generation, and 
limited formation of pollutants. They, however, are characterized by a low energy 
specific content if compared with fossil fuels. Fuel pre-treatments like pelletization 
or torrefaction/compaction are appealing techniques to increase the bulk density 
and energy specific content, to improve the fuel properties (e.g. homogenizing, 
stabilizing and strengthening the fuel particles), and to simplify the design of 
handling and storage devices [1,2]. 
Fluidized bed (FB) technology is considered as one of the most suitable choices for 
biomass conversion (combustion, gasification) [3]. Upon devolatilization a fragile 
char particle is generated which undergoes attrition and fragmentation; all these 
phenomena are well known to affect the reliability and efficiency of FB 
combustion and gasification processes [4,5]. On the one side, they may 
significantly change the particle size distribution of the fuel in the bed which 
influences the rate and the mechanism of fuel particle conversion, as well as the 
particle heat and mass transfer coefficients. On the other side, attrition may cause 
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the elutriation of fine material from the bed that results in the reduction of fuel 
residence time and the loss of unconverted carbon. It has been underlined that the 
relevance of attrition and fragmentation phenomena are emphasized when using 
high-volatile fuels (biomass, waste) instead of coals, since highly porous and 
friable or even incoherent chars are formed upon devolatilization [2,4]. 
Several biomass attrition studies have been carried out under fluidized bed 
combustion conditions, focused either on raw or pelletized fuels [2,4,6]. On the 
contrary, only limited activity has been reported under gasification conditions [7].  
The aim of this work was to investigate the effect of the pelletization process on 
the biomass behavior during both FB combustion and gasification.  
 
Experimental 
An electrically heated stainless steel bubbling FB combustor 40 mm ID and 1 m 
high was used for the tests. Details of the apparatus are reported elsewhere [6]. 
Two different reactor configurations were used. The first configuration was used 
for primary fragmentation tests. The top section of the FB column was left open to 
the atmosphere, and the basket technique described by Chirone et al. [5] was 
applied. A bed of sand (0.2–0.3 mm, 180 g) was fluidized with nitrogen at 0.3 m/s. 
During the run a stainless steel circular basket was inserted from the top to retrieve 
the particles from the bed. A basket mesh of 0.8 mm was used, so that the sand 
could easily pass through the net openings. Experiments were carried out by 
feeding single fuel particles into the bed kept at 800°C from the top of the column. 
After devolatilization (5 min) the resulting char was retrieved by means of the 
basket in order to investigate the number and size of the produced fragments.  
In the second configuration, used for char attrition tests, a two-exit brass head was 
fitted to the top flange of the column. By operating a valve it was possible to 
convey flue gases alternately to two sintered brass filters. Batches (2.0 g) of pre-
devolatilized char were fed to the bed (0.3–0.4 mm sand, 180 g). The bed was kept 
at 800°C and fluidized at 0.8 m/s either with nitrogen (inert), with a N2-O2 mixture 
with 4.5% O2 concentration (combustion), or with a N2-CO2 mixture with 60% CO2 
concentration (gasification). Elutriated fines were collected by means of the two-
exit head by letting the flue gas flow alternately through sequences of filters for 
definite periods of time. The difference between the weights of the filters before 
and after operation, divided by the time interval during which the filter was in 
operation, gave the average fines elutriation rate relative to that interval. Fines 
collected in the filters were analyzed to determine their carbon content. A 
paramagnetic analyzer and two NDIR analyzers were used for on-line 
measurement of O2, CO and CO2 concentrations, in the exhaust gas.   
The two biomass fuels were wood chips (Pinus radiata) and commercial spruce 
wood pellets (Table 1). Wood chips are very irregular and flaky in shape and were 
sieved in the nominal particle size range 6.35-9.5 mm. The wood pellets had 
cylindrical shape with a diameter of 6 mm and an average length of 20 mm. 
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Table 1. Properties of biomass fuels tested. 
 

 Wood chips Wood pellets 
LHV, kJ/kg 11700 18500 
Proximate analysis (as received), %w  

moisture 34.9 8.4 
volatiles 51.6 74.2 

fixed carbon 13.3 17.1 
ash 0.2 0.3 

Ultimate analysis (dafb), %w  
carbon 47.5 49.4 

hydrogen 6.1 5.9 
nitrogen 0.2 < 0.1 

oxygen (diff) 46.2 44.6 
 
Results and Discussion 
Primary fragmentation tests were carried out by monitoring the number and size of 
particles produced upon devolatilization. Table 2 reports an overview of the results 
for the two biomass fuels, expressed using the following quantities: 
d0: Sauter (surface/volume) mean diameter of the initial biomass particles; 
Sf: fragmentation probability, given by the number of fuel particles that 

undergo fragmentation divided by the total number of particles fed; 
n1: primary fragmentation multiplication factor, representing the number of 

generated fragments per unit fuel particle fed to the reactor; 
d1: Sauter mean diameter of the char particles after devolatilization.  
 

Table 2. Results of primary fragmentation experiments. 
 

 d0, mm Sf n1 d1, mm 
Wood chips 10.4 0.95 4.5 5.3 
Wood pellets 6.0 0.29 1.4 4.9 
 
Figure 1 reports the cumulative particle undersize distribution (on weight basis) of 
the char particles after devolatilization as compared to the initial biomass size 
distribution. Results reported in the figure and in Table 2 clearly show the 
differences in the fragmentation behavior of the two biomass fuels upon 
devolatilization in the FB. Wood chips are subject to extensive fragmentation as 
witnessed by the large values of the particle multiplication factor (4.5) and of the 
fragmentation probability (95%). Most particles fragment upon devolatilization and 
this brings about a significant reduction of the mean diameter. However, part of the 
size reduction of the fuel is attributable to particle shrinkage upon devolatilization 
[4]. This shrinkage effect is clearly observed by visual inspection of particles 
before and after devolatilization. 
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Figure 1. Particle size distribution of biomass fuels before and after primary 

fragmentation tests. T=800°C, U=0.3 m/s. 
 
Results for wood pellets show that limited primary fragmentation occurs, with a 
fragmentation probability of about 30% and particle multiplication factor of 1.4 
(Table 2). The slight decrease of the Sauter mean diameter upon devolatilization is 
caused by the combined effect of primary fragmentation and particle shrinkage. 
These results are confirmed by data reported in Fig. 1 for wood pellets. A shift of 
the curves towards smaller sizes is clearly visible, but the population of smaller 
fragments (< 5mm) does not significantly increase, consistently with a limited 
particle fragmentation. 
On the whole, primary fragmentation appears to significantly influence both the 
average particle size and the particle size distribution of the wood chips after 
devolatilization. Neglecting primary fragmentation for this fuel might lead to 
significant errors in the evaluation of the actual fuel average particle size in the 
boiler. On the contrary, pellet breakage by primary fragmentation upon 
devolatilization appeared to be rather limited, indicating that the pelletization 
procedure is able to give sufficient mechanical strength to the particles. 
Carbon elutriation rates from the bed as a function of time are reported in Fig. 2 
(left) for batch experiments carried out at 800°C with chars of the two biomass 
fuels. Purely mechanical attrition and combustion/gasification-assisted attrition 
have been investigated by operating the FB either in inert or in reacting conditions 
(4.5%  inlet O2 concentration, or 60%  inlet CO2 concentration). The measured 
carbon elutriation rate (EC) was normalized with respect to the initial amount of 
fixed carbon fed to the reactor (WC0). 
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Figure 2. Left: char attrition tests under inert (N2), combustion (4.5% O2) and 

gasification (60% CO2) conditions. Right: carbon conversion degree under 
combustion and gasification conditions. T=800°C, U=0.8 m/s. 

 
For both chars, carbon elutriation rate under inert conditions is characterized by a 
first large elutriation rate period caused by particle rounding off followed by a 
gradual reduction with time towards an asymptotic value [5]. It is interesting to 
note that the carbon elutriation rate for wood chips char is about one order of 
magnitude larger than that for char of wood pellets. This result is consistent with 
the expected larger strength of the pelletized fuel, and is reflected by the lower 
asymptotic value of the carbon elutriation rate obtained for spruce-wood pellets 
(2.8•10-4 min-1) with respect to wood chips (3.0•10-3 min-1), and by the total amount 
of elutriated carbon during the runs. The percentage of the initial carbon fed with 
the char that was cumulatively elutriated during the first 60 min of the run in inert 
conditions was 4 and 23% for wood pellets and wood chips char, respectively. 
Under combustion conditions, results in Fig. 2 (left) show the typical combustion-
assisted attrition scenario found with high reactivity fuels [2,4]. The elutriation rate 
significantly decreases under oxidizing conditions, because the increase of the 
attrition rate caused by combustion is effectively counterbalanced by extensive 
afterburning of attrited fines, as a consequence of their large reactivity. Again, the 
carbon attrition extent of wood pellets was lower than that of wood chips, 
confirming the beneficial effect of pelletization. In accordance with the curves 
reported in Fig. 2 (left), the percentage of the initial carbon fed with the fuel char 
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that was cumulatively elutriated during the combustion runs was much lower than 
that found under inert conditions. It was 0.35 and 2.65% for the wood pellets and 
wood chips, respectively. Curves of carbon conversion measured during the same 
combustion experiments are reported in Fig. 2 (right). It is noted that wood chips 
burn more rapidly than wood pellets, and that char combustion efficiency 
approaches 100% for both fuels, consistently with the carbon elutriation data. 
A completely different scenario was obtained under gasification conditions. The 
curves in Fig. 2 (left) show a significant peak in the carbon elutriation rate at some 
point during conversion. The presence of such a peak indicates that carbon 
consumption in the pellets progressively weakens the char structure by pore 
enlargement, much like the combustion-assisted enhancement mechanism typically 
observed during FB combustion of coal [5]. In this case, however, fines post-
conversion in the reactor is much less important, since gasification has a 
significantly lower rate than combustion. The decreasing part of the curves at the 
right of the peaks is caused by the progressive decrease of the carbon loading in the 
bed that overtakes the attrition enhancement at late stages of carbon conversion. 
The percentage of the initial carbon fed with the fuel char that was cumulatively 
elutriated during the runs in gasification conditions was 26 and 48% for the wood 
pellets and wood chips char, respectively. Figure 2 (right) reports the carbon 
conversion curves measured during the char gasification tests (the curves do not 
end at 100% conversion because of the significant carbon loss due to elutriation). It 
is worth to note that the tests lasted until complete carbon consumption, as 
witnessed by the vanishing of the CO concentration at the FB outlet. 
These results show that the carbon loss by elutriation is certainly one of the critical 
factors during the gasification process, especially for the wood chips char. The 
higher mechanical strength of the commercial spruce-wood pellets appears to be 
somewhat beneficial for obtaining a larger carbon conversion. 
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