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Abstract 
Directive 2009/28/EC from the European parliament and council of the European Union has 

contributed to an increased interest in production of fuels and chemicals from renewable 

sources. Gasification of biomass is a method for production of fuels and chemicals from 

renewable resources. Since the 1950s coal has been used as feedstock to gasification at full 

plat scale and today biomass is gasified at pilot and demonstration scale. The gasification 

process involves milling a fuel into a powder of small particles which then is fed into a 

gasifier. One issue with gasification of biomass powders is low flowability. The flowability of 

a powder is strongly related to physical properties like frictional forces and cohesive forces. 

One property of biomass powder is needle shaped particles. Needle shaped particles 

contributes to a larger contact area. Larger contact area contributes to higher aggregation 

forces between the particles which in turn could affect the flowability of a powder. The poor 

flow properties of biomass contributes to challenges of both design and operating of biomass 

plants. Many incidents to shout downs in a biomass plant can be traced to failure of some part 

of the biomass-handling system. 

The aim of this thesis was to develop a method to measure feed rate stability of three different 

types of biomass, Pine, Aspen and Reed canary grass. An optical analysis with focus on 

particle size and shape together with feed rate stability experiments was performed on these 

powders. The optical analysis was performed in order to investigate the possible correlation 

between particle, size and shape, and feed rate stability.  

This master’s thesis was carried out at SP Energy Technology Center in Piteå during the 

spring of 2015. SP ETC is a research institute focusing on thermo-chemical conversion of 

biomass providing services related to gasification, combustion and bio-refining processes.  

Biomass preparation, data handing and writing was performed at SP ETC and optical analysis 

and feed rate stability experiments were performed at Luleå University of Technology. 

The results from the feed rate stability experiment showed the highest feed rate stability for 

Reed canary grass, then Aspen and lowest for Pine.  Between a fine and coarse powder of 

Pine, the fine powder had higher feed rate stability. 

The particle size distributions for the powders were similar. Aspect ratio was highest for Reed 

canary grass, then Pine and lowest for Aspen. The results showed no correlation between 

aspect ratio and feed rate stability. 
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1 Introduction 

1.1 Background 

Directive 2009/28/EC from the European parliament and council of the European Union 

stated that each member state shall promote and encourage energy efficiency and energy 

saving to reach mandatory national overall targets of at least a 20 % share of energy from 

renewable sources in the communities gross final consumption of energy in 2020. And further 

each member state shall ensure that the share of energy from renewable sources in all forms 

of transport in 2020 is at least 10 % of the final consumption of energy in transport sector 

(European parliament and Council of of the European Union, 2009). This has increased the 

interest in the production of fuels and chemicals from renewable sources. 

Gasification is a method for production of fuels and chemicals. For entrained flow 

gasification this process involves milling a fuel into a powder of small particles which then is 

fed into a gasifier. In the gasifier the particles are converted into a raw syngas. The raw 

syngas is converted to a liquid in downstream processes (Prabir Basu., 2010). Since the 1950s 

coal has been used as feedstock to gasification, but in recent years an increased interest of 

using biomass as feedstock to gasification has occurred (Prabir Basu., 2010). Today biomass 

is gasified at pilot and demonstration scale (Prabir Basu., 2010; Weiland et al., 2013). This 

increased interest of gasification of biomass is a consequence of the directives stated by the 

European parliament and councils of the European Union. 

One issue with gasification of biomass powders is lower flowability compared to coal 

powders (Chen, Yuan, Shen, & Zhang, 2012).  The flowability of a powder is strongly related 

to physical properties like frictional forces and cohesive forces (Yang & Evans, 2007). One 

property that differ between particles from biomass and particles from coal is the particle 

shape. Particles from coal has a more spherical shape while particles from biomass has more 

needle shape (Guo, Chen, & Liu, 2012; Prabir Basu., 2010). Hence a higher sphericity of 

particles provides a better flowability (Yang & Evans, 2007). This could be explained by the 

contact area between particles. Needle shaped particles contributes to a larger contact area 

which in turn contributes to higher aggregation forces between the particles. Aspect ratio is 

one way to describe how round or needle shaped a particle is. Aspect ratio is defined as length 

divided by width. A higher value of aspect ratio means a more needle shaped particle. In other 

words a needle shaped particle has higher aspect ratio compared to a spherical particle. 

Further lower flowability contributes to lower feed rate stability when feeding biomass 

powder (Falk, Berry, Broström, & Larsson, 2015). Also aspect ratio between different types 

of biomass differs (Guo et al., 2012). 

The poor flow properties of biomass contributes to challenges of both design and operating of 

biomass plants. Many incidents to shout downs in a biomass plant can be traced to failure of 

some part of the biomass-handling system (Prabir Basu., 2010). 

To enable an efficient use of the biomass available several types of the biomass needs to be 

used as feedstock. These issues with a varying and low feed rate stability are in the way of 
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further development from plants of pilot and demonstration scale into plants of industrial 

scale.  

The work of this thesis focus on measuring feed rate stability and evaluate possibly 

correlation to aspect ratio.  

1.2 Description of project  
The project aimed to, 

 Develop a method to measure feed rate stability of three different types of biomass 

powder from Pine, Aspen and Reed canary grass.  

 By optical analysis investigate a possible correlation between aspect ratio and feed 

rate stability.  

 Investigate the possibility of obtaining a representative sample from a larger volume 

of powder. 

 Derive a fundamental understanding for feeding biomass powder, which in a long 

term perspective could contribute in the progress of developing gasification on pilot 

and demonstration scale into industrial scale. 

An optical analysis with focus on particle size and aspect ratio together with feed rate stability 

experiments was performed on these different types of powders. 

The feed rate stability experiments was performed with a screw feeder. The milling was done 

with a hammer mill. The powders were milled to be suited for entrained flow gasification. 

1.3 Organizational environment 

This master’s thesis was carried out at SP Energy Technology Center in Piteå shortened SP 

ETC. SP ETC is a research institute focusing on thermo-chemical conversion of biomass 

providing services related to gasification, combustion and bio-refining processes. 

Biomass preparation, data handing and writing was done at SP ETC and optical analysis and 

feed rate stability experiments was done at Luleå University of Technology. 
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2 Methodology 

2.1 Choice of biomass 
Three different types of biomass were chosen from the following criteria, 

 The biomass resource should be reasonable to use as feedstock for gasification.  

 The biomass resource should be from different categories of biomass. 

With these criteria in mind the chosen categories of biomass were wood and grass. Grass was 

represented by Reed canary grass. Wood are divided into soft wood and hard wood. Soft 

wood was represented by Pine and hard wood by Aspen. Pine and Reed canary grass is used 

as biomass feedstock for gasification today (Prando, Patuzzi, Baggio, & Baratieri, 2014; 

Weiland et al., 2013) and Aspen is a subject for research (Johansson, 2013). Pictures of the 

chosen biomass is shown in Figure 1.  

 

Figure 1 – From the left, pictures of Pine, Aspen and Reed canary grass.   
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2.2 Biomass preparation 
Pine and Aspen were both processed from log to powder to ensure the purity of the powders 

since mixtures of biomass was not acceptable in this thesis. The logs where debarked, cleaved 

and sawed into small pieces (50x50x20 mm). Pictures from this procedure is shown in Figure 

2.  

 

Figure 2 – Pictures from the biomass preparation procedure of the trees.  

The wood pieces were then dried in a container with size 2.5x2.5x2.5 m.  Inside this container 

a mesh bed were placed and on this mesh bed the wood pieces were homogenously spread.  

Hot air with were blowing from underneath through the bed of wood pieces making it to dry. 

The drying process was performed for 24 hours and the temperature inside was around 60 °C. 

To ensure that the wood pieces were dry enough a few pieces from both Aspen and Pine 

where cut into smaller pieces and milled with a Retsch SK1 hammer mill of bench scale 

(Retschmühle, Haan, Germany).  On the resulting powders a moisture content analysis were 

made using a HB43 Halogen moisture analyzer (Greifensee, Switzerland). Since focus of this 

work has been powder for gasification moisture content <10-20 % is optimal (Dai, Cui, & 

Grace, 2012; Prabir Basu., 2010). 

Also correlations between higher moisture content and higher inter- particle friction and a 

tendency to form arches and rat holes has been discovered by others (Ganesan, Rosentrater, & 

Muthukumarappan, 2008), (Miao, Grift, Hansen, & Ting, 2014) and (Gil, Schott, Arauzo, & 

Teruel, 2013). Therefore it was preferable to have as low moisture content as possible during 
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this experiments in order to minimize the influence on the feed rate stability from properties 

depending on moisture content.  

The wood pieces (5x5x2 cm) were cut into smaller pieces (2x2x2 cm) before the milling 

procedure. 

Reed Canary Grass was bought from Glommers Miljöenergi AB pre chopped to a size of 50 

mm. Only the drying process was necessary before Reed canary grass was milled.  

2.3 Milling 
The milling was made with a Rapid Granulator 15 Series (Bredaryd, Sweden) in series with a 

MAFA EU-4B hammer mill (Ängelholm, Sweden). The equipment is shown in Figure 3 and 

will from now on be referred to as Rapid granulator and MAFA hammer mill. The screen size 

used in the Rapid granulator was 5.0 mm.  

 

Figure 3 – Rapid granulator to the left and MAFA hammer mill to the right.  

2.3.1 Feed rate stability experiments 

Aspen, Pine and Reed Canary Grass were milled to a fine powder in the MAFA hammer mill 

using screen size 0.5 mm. This screen size is suited for milling fine powder to entrained flow 

gasification (Hernández, Aranda-Almansa, & Bula, 2010; Weiland et al., 2015). Pine was also 

milled with screen size 3.0 mm. This particle size is not suited for entrained flow gasification 

and the only purpose was to compare the feed rate stability between fine and coarse powder. 

All powders were milled to a volume of 50-70 dm3. The powders milled with screen size 0.5 
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mm are hence forth referred to Aspen 0.5 mm, Pine 0.5 mm and RCG 0.5 mm. And the 

powder milled with screen size 3.0 mm is hence forth referred to Pine 3.0 mm.  

2.3.2 Representative sample experiments 

First Aspen and Reed canary grass were milled with the SK1 hammer mill to the exact 

volume needed. Second Aspen and Reed canary grass were milled with the MAFA hammer 

mill to a larger volume of 15-20 dm3 from where the volume needed was extracted using the 

cone and quartering method. The procedure had to be repeated five times to reach the needed 

volume. 

In order to compare powders milled with two different hammer mills the screen size needed to 

be similar. The smallest available screen was used in the SK1 hammer mill. This screen shape 

was not completely round but more like a half circle compared to the circular shape of the 

screens used in the MAFA hammer mill. The corresponding screen size used in the MAFA 

hammer mill was therefore calculated from the screen area of the screen used in the SK1 

hammer mill. The calculations for this can be seen in section  

2.3.2.1 Corresponding screen size. 

2.3.2.1 Corresponding screen size 

In Figure 4 the screen used in the SK1 hammer mill and in the MAFA hammer mill is shown. 

And in Figure 5 the estimated screen shapes of these screens.  

 

Figure 4 - Screens. Left: SK1 hammer mill. Right: MAFA hammer mill. 
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Figure 5 - Screen shapes. Left: SK1 hammer mill. Right: MAFA hammer mill 

The area for the estimated screen shape used in the SK1 hammer mill was calculated as half 

the area of a circle with diameter, d1=2.0 mm, as: 

𝐴1 =
1

2
∙

𝜋𝑑1
2

4
= 1.6 𝑚𝑚2 

Suppose that the screen area for the different screens should be similar, this area was used to 

calculate a corresponding diameter for the screen used in the MAFA hammer mill as: 

𝑑2 = √
4𝐴1

𝜋
= 1.4 𝑚𝑚 

From this diameter the closest possible screen size available for the MAFA hammer mill was: 

𝑑2∗ = 1.5 𝑚𝑚 

The powders milled with the SK1 hammer mill are hence forth referred to Aspen SK1 and 

RCG SK1. Respectively the powders milled with the MAFA hammer mill and screen size 1.5 

mm are hence forth referred to Aspen 1.5 mm and RCG 1.5 mm.  

2.4 Sample preparation  
The sampling method used to extract the needed volume for the optical analysis was of 

importance in order to receive a representative sample.  

2.4.1 Cone and quartering 

The sampling method used to extract the volume needed for both the feed rate stability 

experiment and optical analysis was a method called cone and quartering. This method is 

based on standard ISO 13690 (1999). Using this method powder was poured into a cone 

where the particles of different sizes were spread. The cone was flattened and divided into 

four parts where the two opposites formed the new smaller volume. This method was repeated 

until desired volume was reached. For the feed rate stability experiment it was repeated 2-3 

times until a volume 15 dm3 was reached. And for the optical analysis it was repeated 6-7 

times until the volume 0.5 dm3 was reached. Pictures from the procedure is shown in Figure 6.  
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Figure 6 - Cone and quartering. The two parts marked with green circles forms the new smaller sample.  

2.4.2 Sample divider 

For the optical analysis the sample preparation included one more step. The extracted volume 

0.5 dm3 was equally divided into eight samples with a Retsch sample divider PT100 (Retsch 

Technology, Haan, Germany) shown in Figure 7. Three random samples were chosen for 

optical analysis.  
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Figure 7 – Retsch sample divider PT100 

2.5 Terminology 
The denomination for each powder is summarized in table 1. 

Table 1 – Denominations used for the different powders. 

 Aspen Pine Reed Canary Grass 

Feed rate stability analysis  
Fine powders milled with large 

hammer mill and screen size 0.5 

mm 

 

Aspen 0.5 

mm 

 

Pine 0.5 mm 

 

RCG 0.5 mm 

Feed rate stability analysis 

  Coarse powder milled with large 

hammer mill and screen size 3.0 

mm 

 

- 

 

Pine 3.0 mm 

 

- 

Sample preparation analysis 
Sample from a larger volume of 

powder milled large hammer mill 

and screen size 1.5 mm  

 

Aspen 1.5 

mm 

 

- 

 

RCG 1.5 mm 

Sample preparation analysis 

Sample of the exact volume 

needed milled with SK1 hammer 

mill  

 

Aspen SK1 

-  

RCG SK1 
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2.6 Representative sample analysis 
When doing the optical analysis on the powders tested in the feed rate stability experiments 

the cone and quartering method was used to extract a volume 100-140 times smaller than the 

original volume. In order to investigate the possibility of obtaining a representative sample 

from a larger volume using this method a representative sample analysis was performed. This 

experiment was done by comparing the results from the optical analysis made on samples 

from both Aspen and Reed canary grass milled and prepared in two different ways described 

in section 2.3.2 Representative sample experiments. First Aspen and Reed canary grass was 

milled the exact volume needed and second to a larger volume from where the sample needed 

was extracted with the cone and quartering method. Milling to the exact volume needed has 

been investigated to give the most representative sample (Basim & Khalili, 2015). 

2.7 Feed rate stability analysis 

2.7.1 Experimental set up 

The feed rate stability experiments were performed on Aspen 0.5 mm, Pine 0.5 mm, RCG 0.5 

mm and Pine 3.0 mm. Powder was fed with a KT20 Twin-screw feeder (k-Tron, Sewell, 

USA) into a 10 liters bucket placed on a PB 5001-L balance (Mettler Toledo, Greifensee, 

Switzerland). The balance log the weight every second using a PC equipped with 

BalanceLink software (Version 4.04, Mettler Toledo, Greifensee, Switzerland) to. The feed 

rate stability experiment was performed for a time period of 30 minutes resulting in a data set 

consisting of 1800 data points. The screws was set to a constant velocity of 15 rpm. This 

velocity was decided by limitations of the balance. When feeding with higher velocities than 

15 rpm the balance was not able to stabilize. The hopper was filled with 700 g powder.  Every 

powder was fed three times. After a replicate the powder was fed back into the hopper again. 

The experimental setup is shown in Figure 8. 
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Figure 8 - Experimental setup for the feed rate stability experiments. 

2.7.2 Data handling 

The data handling was performed in the same way as in two recently published articles, 

Method 1 (Molinder & Wiinikka, 2015) and Method 2 (Falk et al., 2015). Both methods used 

the same raw data in order to analyze the feed rate stability. The reason for using two different 

methods to analyze the data from the feed rate stability experiments were in order to evaluate 

the results against each other.   

2.7.2.1 Method 1 

First a mean feed rate was calculated as: 

𝑀𝑎𝑠𝑠 𝑓𝑙𝑜𝑤(𝑖) =
𝑤𝑒𝑖𝑔ℎ𝑡𝑖+6 − 𝑤𝑒𝑖𝑔ℎ𝑡𝑖

6
 

Where i = 0,1,2,3...n and n=1800 the number of observed data points. 

The data set of feed rates was then sorted from the lowest to the highest value. The 1th and 

100th percentiles were treated as outliers and were therefore removed from each data set. The 

definition of an outlier is a value, extremely small or extremely large affecting the mean value 

disproportionately much. Since each data set contained 1800 data points this corresponded to 

that the18 lowest and the 18 highest values were removed from each data set. 
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The spread of this feed rate was investigated by normalizing the feed rates in to a value 

relative to the median of the data set. All values were divided by the median value and 

multiplied with 100. By this the median value was converted in to a value of 100. A feed rate 

half the median got a value of 50 and a feed rate twice the median got a value of 200. The 

converted values spread around the median were then presented as box plots for further 

analysis. The box plots were plotted using Sigma Plot 11.0. 

2.7.2.2 Method 2 

First the mass flow was calculated as: 

𝑀𝑎𝑠𝑠 𝑓𝑙𝑜𝑤(𝑖) = 𝑤𝑒𝑖𝑔ℎ𝑡𝑖+1 − 𝑤𝑒𝑖𝑔ℎ𝑡𝑖 

Where i = 0,1,2,3...n and n=1800 the number of observed data points. 

The mean mass flow in every data point was calculated as: 

𝑀𝑎𝑠𝑠 𝑓𝑙𝑜𝑤𝑀𝑒𝑎𝑛(𝑖) =  
1

30
∑ 𝑀𝑎𝑠𝑠 𝑓𝑙𝑜𝑤(𝑖)

𝑖+29

0+𝑖

 

The standard deviation of the mass flow was calculated as: 

𝑀𝑎𝑠𝑠 𝑓𝑙𝑜𝑤𝑠𝑡𝑑𝑒𝑣(𝑖) = √
∑ (𝑀𝑎𝑠𝑠𝑓𝑙𝑜𝑤(𝑖) − 𝑀𝑎𝑠𝑠 𝑓𝑙𝑜𝑤𝑀𝑒𝑎𝑛(𝑖))2𝑖+29

0+𝑖

29
 

And the variability representative the variation around the mean mass flow in every data point 

was then calculated as: 

𝑉𝑎𝑟𝑖𝑎𝑏𝑖𝑙𝑖𝑡𝑦(𝑖) =
2𝑀𝑎𝑠𝑠 𝑓𝑙𝑜𝑤𝑠𝑡𝑑𝑒𝑣(𝑖)100

𝑀𝑎𝑠𝑠 𝑓𝑙𝑜𝑤𝑀𝑒𝑎𝑛(𝑖)
 

By multiplying with two 95% of all observed values were covered. In the same way as in 

Method 1 the 1th and 100th percentiles were treated as outliers and were therefore removed 

from each data set. 

From the data set of variability a mean value and standard deviation was calculated. This 

value represents the feed rate stability for each powder. A lower value means a more stable 

feed rate and a larger value means a more unstable feed rate. Also the median value was 

calculated in order to estimate if the data set was normally distributed or skewed. 

2.8 Optical analysis 
For the feed rate stability analysis Aspen 0.5 mm, Pine 0.5 mm, RCG 0.5 mm was optically 

analyzed with a Camsizer XT image analyzer (Retsch Technology, Haan, Germany). Pine 3.0 

mm was not analyzed since the particles were too large to be measured with a Camsizer XT. 

Further Aspen 1.5 mm, Aspen SK1, RCG 1.5 mm and RCG SK1 was optically analyzed in 

the same way for the representative sample analysis. 
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The size range for a Camsizer XT is 1-3000 µm. The screen size 3.0 mm prevented the 

particles from becoming wider than 3000 µm, but there was no limitations for the length. 

Meaning that the particles could became larger than 3000 µm. 

The Camsizer XT was set to use two different particle models, 𝑥𝑐 𝑚𝑖𝑛 and 𝑥𝑙𝑒𝑛𝑔𝑡ℎ to measure 

the particles in two different way. The particle models were set to calculate (i) cumulative size 

distribution based on volume share, (ii) number of particles and (iii) aspect ratio.  

Particle model 𝑥𝑐 𝑚𝑖𝑛 represents the particle width.  A chord of distances between two points 

of the contour of the particle is measured in the same direction. The chord is measured in 

several directions. The largest distance in every direction is defined as 𝑥𝑐 .  Further 𝑥𝑐 𝑚𝑖𝑛 is 

defined as the smallest of all measured 𝑥𝑐.   

Particle model  𝑥𝑙𝑒𝑛𝑔𝑡ℎ represents the particle length for each particle calculated as:  

𝑥𝑙𝑒𝑛𝑔𝑡ℎ = √𝑥𝐹𝑒 𝑚𝑎𝑥
2 − 𝑥𝑐 𝑚𝑖𝑛

2  

Where 𝑥𝐹𝑒 𝑚𝑎𝑥 was the longest Ferret-diameter defined as the longest distance between two 

parallel lines at the contour of the particle. 𝑥𝑐 𝑚𝑖𝑛 was the same as defined in the subparagraph 

above.  

Aspect ratio for each particle is calculated as: 

𝑙𝑒𝑛𝑔𝑡ℎ 𝑤𝑖𝑑𝑡ℎ⁄ =
xFe max

xc min
 

2.8.1 Data handling 

All analysis and calculations were made in Excel 2007. The particle properties analyzed were 

Particle width, particle length and aspect ratio. 

The raw data from the Camsizer XT were given with intervals of 10 μm at a range of 0-3000 

μm where data for particles larger than 3000 μm were all placed in the same size interval 

3000-10000 μm.  In order to simplify the calculations in Excel each interval of 10 μm were 

set to a mean value. For example the size interval 0-10 μm were set to 5 μm, 11-20 μm were 

set to 15 μm and so on.  

The particle size was analyzed as a cumulative particle size distribution based on volume 

share. The cumulative distribution gives the probability of a particle having the size less than 

or equal to a specific value. Both particle models, 𝑥𝑐 𝑚𝑖𝑛  and   𝑥𝑙𝑒𝑛𝑔𝑡ℎ were plotted as a 

cumulative distribution. Where 𝑥𝑐 𝑚𝑖𝑛 represents the particle width and 𝑥𝑙𝑒𝑛𝑔𝑡ℎ represents the 

particle length. The particle width and length for each powder were analyzed at a cumulative 

probability of 10, 50 and 90 percent.  

Aspect ratio was plotted and analyzed as a function of particle length for each powder.   
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3 Results and discussion 

3.1 Feed rate stability analysis 

3.1.1 Method 1 

The relative feed rate around the median is presented as box plots. In a box plot the center line 

represents the median value and the upper and lower lines of the box represent the 25th and 

75th percentiles. The whiskers represent the 10th and 90th percentiles. Box plots for Pine 0.5 

mm, Aspen 0.5 mm, RCG 0.5 mm and Pine 3.0 mm are presented below. The most 

representative box for each powder was chosen for comparison. Note that the range on the y-

axis has been adjusted to fit the boxplots for each different type of powder and therefore 

varies in Figure 9 to Figure 12. In Figure 13 and Figure 14 the most representing box from 

each type of powder is compared. 

Box plots for Pine 0.5 mm (replicates 1, 2, 3) are presented in Figure 9. Both size and shape 

between the boxes differed. Box 1 was chosen for further analysis. Box 3 was discarded 

because it differed a lot from box 1 and 2, the size of box 3 was three times larger than boxes 

1 and 2 and box 2 was then discarded because the median value and the 25th percentile 

coincided, which was not the case for box 1 and 3.  

 

Figure 9 - Box plots of the relative feed rate for Pine 0.5 mm. The *notification marks which box plot that is chosen 

for further analysis. 

Box plots for Aspen 0.5 mm (replicates 1,2,3) is presented in Figure 10. The shape of the 

boxes differed but the size was similar. Box 2 was chosen for further analysis. Box 1 was 

discarded since the shape was different. For box 1 the median value and 25th percentile 

coincided compared to box 2 and box 3 where the median value coincided with the 75th 

percentile. The difference between box 2 and box 3 was that for box 3 the 75th and 90th 

percentile coincides. 
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Figure 10 - Box plots of the relative feed rate for Aspen 0.5 mm. The *notification marks which box plot that is chosen 

for further analysis. 

Box plots for RCG 0.5 mm (replicates 1,2,3) is presented in Figure 11. Unlike the boxes for 

Pine 0.5 mm and Aspen 0.5 mm both size and shape of the boxes for RCG 0.5 mm were 

similar. Box 2 was chosen for further analysis. The only difference between the boxes was 

that for box 1 the 75th and 90th percentiles coincided. 

 

Figure 11 - Box plots of the relative feed rate for RCG 0.5 mm. The *notification marks which box plot that is chosen 

for further analysis. 



23 

 

In Figure 12 box plots for Pine 3.0 mm (replicates 1,2,3) is presented. Like the boxes for RCG 

0.5 mm both size and shape of the boxes for Pine 3.0 mm were similar. Box 2 was chosen for 

further analysis. The only difference between the boxes was that for box 2 and box 3 the 75th 

and 90th percentile coincided. 

 

Figure 12 - Box plots of the relative feed rate for Pine 3.0 mm. The *notification marks which box plot that is chosen 

for further analysis. 

In Figure 13 the box plots chosen for further analysis is presented for comparison of feed rate 

stability between the powders. The box shapes are different for all powders. For the Aspen 0.5 

mm box the median value and the 75th percentile coincided and for the RCG 0.5 mm the 

median value and the 25th percentiles coincided while the box for Pine 0.5 mm varied equally 

around the median value. Also the size of the boxes differed. RCG 0.5 mm had the smallest 

box. The size of the boxes for Aspen 0.5 mm and RCG 0.5 mm had similar size of the boxes.  

The results with boxes of different shape is not in agreement with the results from previous 

publications where the shape of the boxes was similar but the size differed (Molinder & 

Wiinikka, 2015). But they analyzed powders from the same feedstock but with different 

particle size. Compared this thesis where three different feedstock with the same particle size 

was analyzed. 

The feed rate for RCG 0.5 mm can be estimated to often been even but sometimes it 

increased. This could perhaps attribute to that an agglomeration was built up and suddenly felt 

down into the bucket which provided a temporarily increased feed rate. For Aspen 0.5 mm the 

feed rate was also estimated to often been even but sometimes instead decreased. This could 

perhaps attribute to that powder was pressed together making the screw turn slower which 
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provided the feed rate to decrease. For Pine 0.5 mm the feed rate varied equally around the 

median. This attributed to that the feed rate sometimes increased and sometimes decreased.  

The box was smallest for RCG 0.5 mm which contributes to the highest feed rate stability. 

The boxes for Pine 0.5 mm and Aspen 0.5 mm had similar size but the feed rate stability was 

estimated to be lower for Pine 0.5 mm because it varied equally around the median. 

In other words the feed rate stability for the different powders is estimated to be highest for 

Reed canary grass, then Aspen, and lowest for Pine. 

 

 

Figure 13 – Box plots of the relative feed rate for Pine 0.5 mm, Aspen 0.5 mm and RCG 0.5 mm. 

Box plots for Pine 0.5 mm and Pine 3.0 mm is presented in Figure 14. The box shape was 

similar but the size differed. For Pine 3.0 mm the 75th and 90th percentiles coincided. The box 

size for Pine 3.0 was around twice the size for Pine 0.5 mm. This contributes to a higher feed 

rate stability for Pine 0.5 mm compared to Pine 3.0 mm.  
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Figure 14 – Box plots of the relative feed rate of fine and coarse powder of Pine, Pine 0.5 mm and Pine 3.0 mm. 

3.1.2 Method 2 

The feed rate stability is presented as a mean value of the variability for each replicate for 

every powder. A higher value signifies a lower feed rate stability. Also the standard deviation 

and median value from each data set is presented. The same replicate as in method 1 was 

chosen for further analysis. 

In Table 2 the mean value, standard deviation and the median value for the variability for Pine 

0.5 mm (replicates 1,2,3) is presented. The results from replicates 1 and 2 were similar while 

the result from replicate 3 shows both higher mean value and higher standard deviation. The 

media value and the mean value for 1 and 2 are similar, indicating a normally distributed data 

set. The median value for replicate 3 was lower than the mean value, indicating slightly 

positively skewed data set. 

Table 2 - Feed rate variability for Pine 0.5 mm. The *notification marks which replicate that is chosen for further 

analysis. 

 Pine 0,5 mm 1* Pine 0,5 mm 2 Pine 0,5 mm 3 

Mean variability (%) 14,1 13,7 21,7 

Standard deviation 8,9 8,3 22,6 

Median variability (%) 12,4 12,4 13,9 
 

In Table 3 the mean value, standard deviation and the median value for the variability for 

Aspen 0.5 mm (replicates 1,2,3) is shown. The results from all replicates were similar. The 

median and mean value were similar indicating a normally distributed data set. 
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Table 3 - Feed rate variability for Aspen 0.5 mm. The *notification marks which replicate that is chosen for further 

analysis. 

 Aspen 0,5 mm 1 Aspen 0,5 mm 2* Aspen 0,5 mm 3 

Mean variability (%) 12,5 11,2 11,4 

Standard deviation 5,6 4,9 5,4 

Median variability (%) 11,8 10,3 10,3 

 

In Table 4 the mean value, standard deviation and the median value for the variability for 

RCG 0.5 mm (replicates 1,2,3) is presented. The results from 1,2,3 are similar. The median 

value is much smaller than the mean value, indicating about a positive skewed distribution. 

Note also that the standard deviation is larger than both the median and mean value. This was 

a strange result indicating that this method to calculate the feed rate stability may not be so 

properly to use in this case. 

Table 4 - Feed rate variability for RCG 0.5 mm. The *notification marks which replicate that is chosen for further 

analysis. 

 RCG 0,5 mm 1 RCG 0,5 mm 2* RCG 0,5 mm 3 

Mean variability (%) 6,5 7,2 6,4 

Standard deviation 7,4 8,5 7,8 

Median variability (%) 1,3 1,3 1,2 

 

In Table 5 the mean value, standard deviation and the median value for the variability for Pine 

3.0 mm (replicates 1,2,3) is presented. The results from 1,2,3 are similar. The median value is 

lower than the mean value, indicating about positive skewed distribution. 

Table 5 - Feed rate variability for Pine 3.0 mm. The *notification marks which replicate that is chosen for further 

analysis. 

 Pine 3.0 mm 1 Pine 3.0 mm 2* Pine 3.0 mm 3 

Mean variability (%) 19,8 18,3 21,1 

Standard deviation 13,8 11,4 15,1 

Median variability (%) 13,5 12,9 13,4 

 

In Table 6 the mean value, standard deviation and the median value for the variability of the 

replicates chosen for further analysis is presented. Both the mean and median value is lowest 

for RCG 0.5 mm and highest for Pine 0.5 mm. In other words the feed rate stability was 

highest for RCG 0.5 mm and lowest for Pine 0.5 mm. This result was in agreement with 

previous work using the same method to compare the feed rate stability between Norway 

spruce and Reed canary grass (Falk et al., 2015). The results showed a higher reed rate 

stability for Reed canary grass and a lower for Norway spruce. Norway spruce is like Pine a 

soft wood with similar internal structure. 
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Table 6 –Feed rate variability for the fine powders, Pine 0.5 mm, Aspen 0.5 mm and RCG 0.5 mm. 

 Pine 0.5 mm Aspen 0.5 mm RCG 0.5 mm 

Mean variability (%) 14,1 11,2 7,2 

Standard deviation 8,9 4,9 8,5 

Median variability (%) 12,4 10,3 1,3 

 

In Table 7 the mean value, median value and the standard deviation of the variability for Pine 

0.5 mm and Pine 3.0 mm is shown. Pine 3.0 mm has a larger number of the mean variability 

compared to Pine 0.5 mm. In other words Pine 0.5 has a higher feed rate stability compared to 

Pine 3.0 mm. Note that the difference between them was smaller when comparing the median 

value. 

Table 7 – Feed rate variability of fine and coarse powder of Pine, Pine 0.5 mm and Pine 3.0 mm. 

 Pine 0.5 mm Pine 3.0 mm 

Mean variability (%) 14,1 18,3 

Standard deviation 8,9 11,4 

Median variability (%) 12,4 12,9 

 

The results presented in this method points at the same results as in method 1. RCG 0.5 mm 

has the lowest value and therefore the feed rate stability is estimated to be highest for Reed 

canary grass. Pine 0.5 has the highest value compared to both RCG 0.5 mm and Aspen 0.5 

mm and therefore the feed rate stability for Pine is estimated to the lowest.  

Also when comparing the results for Pine 0.5 mm and Pine 3.0 mm  between method 1 and 

method 2. The results points in the same direction that Pine 0.5 mm had a higher feed rate 

stability compared to Pine 3.0 mm. 

3.1.3 Comparison of Method 1 and Method 2 

Method 1 was based on the median value and Method 2 was based on the mean value. Both 

Method 1 and Method 2 showed that Reed canary grass had the highest feed rate stability, 

then Aspen and lowest reed rate stability had Pine. 

But when analyzing if the data was normally distributed or not the two methods showed 

similar results for both Reed canary grass and Pine. But for Aspen the results differed. 

Method 1 showed that the data set for Aspen 0.5 mm was not normally distributed, replicate 1 

was negative skewed and replicate 2 and 3 was positive skewed. While Method 2 showed that 

the data set was normally distributed.  

For both methods it would have been good to perform the experiments at different screw 

velocities in order to analyze how relative and absolute variabilities changed when the feed 

rate changed for each sample. 

 



28 

 

3.2 Optical analysis 

3.2.1 Feed rate stability analysis 

In this chapter the results from the optical analysis for Pine 0.5 mm, Aspen 0.5 mm and RCG 

0.5 mm are presented. This chapter is divided into 3.2.1.1 Particle size and 3.2.1.2 Aspect 

ratio.  

3.2.1.1 Particle size 

In this chapter the cumulative distributions the particle models 𝑥𝑐 𝑚𝑖𝑛 and 𝑥𝑙𝑒𝑛𝑔𝑡ℎ for the 

powder are presented. Note that 𝑥𝑐 𝑚𝑖𝑛 represents the particle width and  𝑥𝑙𝑒𝑛𝑔𝑡ℎ represents 

the particle length. Also note that a cumulative distribution shows the probability of a particle 

having the size at or below a given value.  

In Figure 15 the cumulative distribution for Pine 0.5 mm (replicates 1,2,3) is presented.  

In this figure all replicates are presented to show that the reproducibility was as high. This 

was also the case for all other powders and therefore a mean value from the replicates is 

presented hence forth. The distributions including all three replicates for each powder can be 

seen in the appendix.  

 

Figure 15 – Cumulative distribution of xc_min and x_length for Pine 0.5 mm (replicate 1,2,3). 

In order to compare the particle length and width distributions for Pine 0.5 mm, Aspen 0.5 

mm and RCG 0.5 mm they are all presented in Figure 16. The particle size distribution are 

similar for all three powders. 
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Figure 16 - Cumulative distribution of xc_min and x_length for Aspen 0.5 mm, RCG 0.5 mm and Pine 0.5 mm. 

In Table 8 the probability at 10, 50 and 90 percent is presented for each powder. The particle 

size was similar for all powders and further the particle length at a probability of 50 % was 

similar to the screen size for all powders. 

Table 8 – Particle size of xc_min and x_length at a probability of 10, 50 and 90 % for Pine 0.5 mm. 

  Probability 10 
% 

Probability 50 
% 

Probability 90 
% 

Pine 
0.5 
mm 

𝑥𝑐 𝑚𝑖𝑛 – Particle width (µm) 34 135 325 

 𝑥𝑙𝑒𝑛𝑔𝑡ℎ – Particle length 

(µm) 

92 551 1230 

Aspen 

0.5 mm 

𝑥𝑐 𝑚𝑖𝑛 – Particle width (µm) 32 180 360 

 𝑥𝑙𝑒𝑛𝑔𝑡ℎ – Particle length 

(µm) 

61 583 1178 

RCG 

0.5 mm 

𝑥𝑐 𝑚𝑖𝑛 – Particle width (µm) 47 148 304 

 𝑥𝑙𝑒𝑛𝑔𝑡ℎ – Particle length 

(µm) 

90 515 1133 

 

3.2.1.2 Aspect ratio 

In Figure 17 aspect ratio as a function of x_length for Pine 0.5 mm, Aspen 0.5 mm and RCG 

0.5 mm is presented. For all powders aspect ratio increased with an increased x_length. RCG 

0.5 mm had aspect ratio of 2 to 9.5 on the interval between 50 and 1600 µm. The 

corresponding values for Aspen and Pine were 2 to 4 for Aspen and 2 to 5 for Pine. Note that 

x_length represented the particle length. 

This is similar to previous work (Guo et al., 2012).  In this work aspect ratio as a function of 

particle width for reed and Pine was analyzed at an interval from 50-350 µm. This particle 

width interval corresponded to a particle length interval of 100-850 µm for Pine and 100-2300 
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µm for reed. At these intervals aspect ratio for reed was 2 -10 and for Pine aspect ratio was 2- 

3.  

Aspect ratio for the both trees follows the same path but aspect ratio for pine is slightly 

higher. Aspect ratio for Reed canary grass was higher and was the one discerning from the 

others. In the presented size interval aspect ratio for Reed canary grass increased twice 

compared to Pine and Aspen. 

One property for the different types of biomass that could have influence on the aspect ratio 

for the particles is aspect ratio for the fibers of each type of biomass. Aspect ratio for the 

fibers of Reed canary grass has the highest value, compared to fibers of Aspen and Pine. And 

Aspen fibers has the lowest value of aspect ratio. This coincides with the results of aspect 

ratio for the particles of different types of biomass. These could perhaps be correlated, but 

three different types of biomass is too few to make such conclusion. Still something to 

remember in the future work. 

 

Figure 17 – Aspect ratio as a function of x_length for Pine 0.5 mm, Aspen 0.5 mm and RCG 0.5 mm. 

3.2.1.3 Correlation between aspect ratio and feed rate stability 

The results from the feed rate stability analysis using both Method 1 and Method 2 showed 

that Reed canary grass had the highest feed rate stability. Second highest was the feed rate 

stability for Aspen and lowest for Pine. 

The results from the optical analysis of aspect ratio for each powder showed that Reed canary 

grass had also the highest aspect ratio. Second highest had pine and lowest was aspect ratio 

for Aspen.  

The theory of that a higher aspect ratio would contribute to a lower feed rate stability cannot 

be showed with this study. But there is some weakness with this study, for example the 

balance was not able to stabilize at higher velocities and it would have been good to do the 

feed rate stability experiments with additional screw velocities.  
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3.2.2 Representative sample analysis 

In this chapter the results from the representative sample analysis is presented. This chapter is 

divided into 3.2.2.1 Particle size and 3.2.2.2 Aspect ratio. 

3.2.2.1 Particle size 

In order to compare the results from the optical analysis from the representative sample 

analysis the cumulative particle size distributions for Aspen 1.5 mm and Aspen SK1 is 

presented in Figure 18. Notice that the curve representative  𝑥𝑙𝑒𝑛𝑔𝑡ℎ for both Aspen 1.5 and 

Aspen SK1 never reached a probability of 100 %. This was because 85 and 271 respectively 

particles were larger than 3000 µm, these numbers of particles represented a volume share of 

3.95 and 13.37 % respectively. The total number of particles was in both cases around 2·108. 

These larger particles were still counted and measured by the Camsizer XT but placed in the 

same interval between 3000-10000 µm.  

The distributions of  𝑥𝑐 𝑚𝑖𝑛 was similar. Between the distributions of 𝑥𝑙𝑒𝑛𝑔𝑡ℎ there was 

difference, where the particles from Aspen SK1 had longer particles. The particle size of 

𝑥𝑐 𝑚𝑖𝑛 and 𝑥𝑙𝑒𝑛𝑔𝑡ℎ at a probability of 10, 50 and 90 percent is presented in Table 9. At a 

probability of 10, 50 and 90 percent this difference was 82, 104 respectively 699 µm.  

 

Figure 18 - Cumulative distribution of xc_min and x_length for Aspen 1.5 mm and Aspen SK1. 

Table 9 - Particle size of xc_min and x_length at a probability of 10, 50 and 90 % for Aspen 1.5 mm. 

  Probability 10 
% 

Probability 50 
% 

Probability 90 
% 

Aspen 

1.5 mm 

𝑥𝑐 𝑚𝑖𝑛 – Particle width (µm) 77 348 673 

 𝑥𝑙𝑒𝑛𝑔𝑡ℎ – Particle length 

(µm) 

206 1408 2570 

Aspen 
SK1 

𝑥𝑐 𝑚𝑖𝑛 – Particle width (µm) 73 348 696 

 𝑥𝑙𝑒𝑛𝑔𝑡ℎ – Particle length 

(µm) 

288 1512 3269 
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The cumulative particle size distributions from the representative sample analysis for RCG 

1.5 mm and RCG SK1 is presented in Figure 19. Notice that the curve representative  𝑥𝑙𝑒𝑛𝑔𝑡ℎ 

for RCG SK1 never reached a probability of 100 %. This was because 316 particles were 

larger than 3000 µm, this number of particles represented a volume share of 10.42 %. The 

total number of particles was 2.4·108. These larger particles were still counted and measured 

by the Camsizer XT but placed in the same interval between 3000-10000 µm. 

The particle size of 𝑥𝑐 𝑚𝑖𝑛 and 𝑥𝑙𝑒𝑛𝑔𝑡ℎ at a probability of 10, 50 and 90 percent is presented in 

Table 10Table 9. At a probability of 10, 50 and 90 percent this difference is 7, 39 and 125 µm 

respectively. Regarding the distributions of 𝑥𝑙𝑒𝑛𝑔𝑡ℎ ,the differences at 10, 50 and 90 percent 

were 1, 299 1334 µm respectively. In both cases the result shows larger particles for RCG 

SK1. 

 

Figure 19 - Cumulative distribution of xc_min and x_length for RCG 1.5 mm and RCG SK1. 

Table 10 - Particle size of xc_min and x_length at a probability of 10, 50 and 90 % for RCG 1.5 mm. 

  Probability 10 
% 

Probability 50 
% 

Probability 90 
% 

RCG 

1.5 mm 
𝑥𝑐 𝑚𝑖𝑛 – Particle width (µm) 83 236 535 

 𝑥𝑙𝑒𝑛𝑔𝑡ℎ – Particle length 

(µm) 

188 808 1704 

RCG 

SK1 
𝑥𝑐 𝑚𝑖𝑛 – Particle width (µm) 76 275 660 

 𝑥𝑙𝑒𝑛𝑔𝑡ℎ – Particle length 

(µm) 

187 1107 3038 

 

From the particle size distribution it can be seen that the particles milled with the SK1 

hammer mill ended up slightly longer for both Aspen and Reed canary grass. This difference 

is larger for Reed canary grass.  
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When estimating the corresponding screen size for the MAFA hammer mill the screen area 

was calculated to be similar for the screens. Maybe it would have been more correct to use the 

same screen diameter instead. 

3.2.2.2 Aspect ratio 

In this chapter aspect ratio for the particles from the different powders is compared. 

In Figure 20 aspect ratio as a function of x_length for Aspen 1.5 mm and Aspen SK1 is 

shown. The results for the two samples are similar, a difference of less than 10 % can be seen.  

 

Figure 20 - Aspect ratio as a function of x_length for Aspen 1.5 mm and Aspen SK1. 

In Figure 21 aspect ratio as a function of x_length for RCG1.5 mm and RCG SK1 is shown. 

The results for the two samples are similar only a small difference can be seen, also here this 

difference is less than 10 %.  

 

Figure 21 - Aspect ratio as a function of x_length for RCG 1.5 mm and RCG SK1. 
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Aspect ratio for the powders prepared with the two different sampling methods match quite 

well for both Aspen and Reed canary grass. The value of aspect ratio is slightly higher for the 

sample milled with the SK1 hammer mill to the exact amount needed compared to the sample 

received from the larger volume milled with the MAFA hammer mill.  

4 Conclusions 
The work in this study will be useful when continuing work of deriving a fundamental 

understanding for feeding biomass powder. 

4.1 Feed rate stability analysis 

 Feed rate stability was estimated to be highest for RCG 0.5 mm, then Aspen 0.5 mm, 

and lowest for Pine 0.5 mm using both Method 1 and Method 2. 

 Pine 0.5 mm was estimated to a higher feed rate stability compared to Pine 3.0 mm 

using both Method 1 and Method 2. 

 The particle size distributions for Pine 0.5 mm, Aspen 0.5 mm and RCG 0.5 mm was 

similar.  

 Aspect ratio was highest for RCG 0.5 mm, then Pine 0,5 mm and lowest for Aspen 0.5 

mm. Aspect ratio increased with an increased particle length for all powders. 

 Aspect ratio and feed rate stability showed no correlation in this study. 

 The relationship of aspect ratio for the powders had the same relationship as aspect 

ratio for the fibers of the respective type of biomass.  

 In addition it would have been good to perform the experiments at different screw 

velocities in order to analyze how relative and absolute variabilities changed when the 

feed rate changed for each sample. 

 

4.2 Representative sample analysis 

 For both Aspen and Reed canary grass the particle width was similar but the particle 

lengths for the powders milled with the SK1 hammer mill went larger. 

 Aspect ratio for both Aspen and Reed canary grass was similar. 

 The cone and quartering sampling method gives representative samples.  

5 Future work 
Analyze more different types of biomass.  

Redo the feed rate stability analysis with a faster and more precisely balance in order to log 

the weight with smaller time step and with more decimals. Also perform the experiments at 

different screw velocities. 

Compare powders milled with the SK1 hammer mill and MAFA hammer mill using the same 

screen diameter of 2.0 mm in order to investigate if the particle lengths will be more similar in 

that case. 
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Appendix A – Cumulative distributions for Pine 0.5 mm, Aspen 0.5 mm 

and RCG 0.5 mm 
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Appendix B – Cumulative distributions for Aspen 1.5 mm and Aspen 

SK1 
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Appendix C – Cumulative distributions for RCG 1.5 mm and RCG SK1 
 

 

 

  


