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Abstract — The size reduction of pelletized wood is crucial in suspension-fired power plants, and
hence its milling characteristics are of interest to optimize the milling and combustion process. The
objective of the study was to compare the size and shape of pellets disintegrated in hot water with
that from pellets comminuted at different mill loads. The milling performance of two industrial wood
pellet qualities in large-scale coal vertical roller mills at different mill operating conditions was
studied. The milling performance was assessed by determining the specific grinding energy
consumption (SGEC), and analyzing the comminuted particle shape and particle size distribution
(PSD). Large-scale pellet comminution produced finer and wider PSDs than pellet disintegration in
hot water, but only slightly altered the particle shape. The mill pressure loss, absorbed mill power,
and hence SGEC depended on the pellet quality. Decreasing the mill load produced finer and wider
PSDs, and reduced the mill pressure loss and absorbed mill power. However, the SGEC was
negatively correlated with the mill load. Adjustments of mill operating conditions had a minor effect
on the comminuted particle shape.

1. Introduction

The production and trade of industrial wood pellets as a renewable energy commodity for heat
and power generation have experienced a tremendous growth over the past decade in Europe
[1], [2]. European energy policies have driven this development to mitigate greenhouse gas
emissions [3]. Northern European countries, such as Sweden, Denmark and United Kingdom
have converted, or are currently converting their existing combined heat and power (CHP)
plants from coal to operate on renewable biomass, mostly wood pellets, to meet the European
20-20-20’ climate targets by 2020 [1]. One example of successful conversion from coal to
biomass pellets of a suspension-fired power plant is Amagervarket unit 1 (AMV1), located in
Copenhagen (Denmark). Originally designed for coal, AMV1 was converted in 2010 to operate
mainly on wood pellets. For comminuting fibrous and orthotropic elastic wood that is capable
of absorbing energy before size reduction [4], the existing mills were refurbished to improve
the grinding efficiency by producing greater shearing forces.

The comminuted particle size and shape are important physical properties for suspension-firing,
as they influence the particle dynamics, particle heat and mass transfer [5]. Thus, the energy
intensive size reduction step in power plants needs to be optimized for wood pellets. Generally,
comminuting lignocellulosic biomass requires more energy than coal regardless of mill type
[6]. The energy required for milling biomass depends on the feed moisture, particle size
reduction ratio, feed characteristics [7], feed rate and mill operating parameters [8]. To achieve
complete particle combustion for coal suspension-firing, there are particle size limits for the



classifier [9]. Equivalent limits for woody biomass particles have not been established. A size
reduction to the same level as pulverized coal may not be required due to the high volatile
content (i.e. high reactivity) of biomasses in combustion systems [10]. Esteban and Carrasco
[11] recommend 95 % of wood particles (dry weight basis) to be below 1 mm for optimal
combustion in a pilot-scale pulverized fuel burner. Adams et al. [12] further found that 25 % of
biomass (dry weight basis) below 100 um was ideal for excellent flame stability.

For many years, co-milling of pelletized biomasses with coal has been performed for co-firing
in a number of power plants [13]. However, knowledge and experience regarding 100 % wood
pellet comminution in coal mills as a crucial size reduction step for efficient combustion in a
suspension-fired boiler is limited. To fill this gap in knowledge, the present paper provides a
detailed full-scale grindability study of two industrial wood pellet qualities in VRMs at AMV1.
To the best knowledge of the authors, no similar studies have been published in this field. The
results provided can be extremely valuable to optimize the overall milling and combustion
process for plant operators facing the problems of changing from coal to biomass pellets. The
main objectives of the present study are:

e To compare the morphology (size and shape) of pellets disintegrated in hot water with
that from pellets comminuted at different mill loads

e To compare the influence of different pellet qualities on the milling process

e To test if different mill operating conditions affect the comminuted pellet fineness

2. Materials and Methods

2.1. Materials

Two industrial wood pellet qualities (A and B pellets) were tested. A pellets were mainly
softwood pellets produced in Europe (Baltic countries). B pellets were pellets made of ca. 93 %
softwood and 7 % hardwood, and produced in Southeastern United States. The wood pellets
were characterized in triplicate according to standardized methods (Table 1). B pellets featured
a coarser internal particle size distribution (PSD). In particular, more than 79 % of the
disintegrated A pellet particles were below 1 mm, while only more than 59 % of the
disintegrated B pellet particles were smaller than 1 mm.

Table 1: A and B pellet characteristics.

Parameters Unit A Pellets B Pellets Method

Moisture content wt.% as received, | 6.6 5.7 EN I1SO 18134-1: 2015
wet basis

Ash content wt.%, dry basis 0.6 0.6 EN 1SO 18122: 2015

Volatile matter wt.%, dry basis 84.5 83.9 EN 1SO 18123: 2015

Fixed carbon wt.%, dry basis 14.9 155 By difference

Carbon wt.%, dry basis 50.7 51.1 EN 1SO 16948: 2015




Nitrogen wt.%, dry basis 0.2 0.1 EN 1SO 16948: 2015
Hydrogen wt.%, dry basis 6.1 6.1 EN 1SO 16948: 2015
Oxygen wt.%, dry basis 42.4 42.0 EN 14588:2010
(by difference)

Net calorific value MJ/kg, as received | 17.5 18.0 EN 14918: 2009
Pellet diameter (D) | mm, as received D, 6.2 and 8.3; D, 6.7; EN 1SO 17829: 2015
and length (L) L. 123 L. 129
Bulk density kg/m3, as received | 653.1 669.2 EN ISO 17828: 2015
Mechanical wt.%, as received 98.5 99.1 EN 1SO 17831-1: 2015
durability (fines)
PSD of wt.%, dry basis >99.5% >97.9% EN ISO 17830: 2016
disintegrated pellets (<3.15 mm) (< 3.15 mm)
(internal PSD) >98.7 % >93.9 %

(<2.0 mm) (<2.0 mm)

>79.2 % >59.4 %

(< 1.0 mm) (<1.0 mm)

2.2. Vertical roller mills and dynamic classifiers

The pellet milling process comprises comminution, drying, particle classification and product
discharge to the burners. Pellets were comminuted in one of the three coal VRMs (type LM
19.2 D, Loesche GmbH, Germany) at AMV1, denoted as M20 (mill 20). In each mill, hot
primary air lifts the comminuted wood particles into the spinning rotor of the dynamic classifier
(or rotor classifier). Here, drag or centripetal forces (generated by the airflow to the rotor), and
mass or centrifugal forces (generated by the rotor rotation) act upon the particles [14]. If the
mass force is greater than the drag force, particles are rejected to the milling table for further
size reduction. Else, if the drag force is greater than the mass force, the primary airflow lifts the
particles through the rotor into the burner pipes [15]. The balance between both forces governs
the particle separation [9]. If both forces are in equilibrium for a specific particle mass, the rotor
classifies the particle with 50 % efficiency. This is referred to as the classifier cut size.
Generally, the plant operator can control the classifier cut size, and thus the comminuted
product fineness by adjusting the classifier rotor speed, dam ring height, milling table speed,
my;., HGP of the roller, and fresh mpeyer [14], [16], [17]. The rollers also achieve a sliding
movement that result in additional shearing forces to comminute the pellets.

2.3. Sampling equipment

Wood pellets were sampled from the end of the continuously moving conveyor belt before
entering the mill. This sampling method is suggested in ISO 14488:2007 [18]. Sampling
powdered material from a moving stream inside a vertical or horizontal fuel pipe is problematic.
The sampling ports for dust leaving M20 are placed in vertical sections of the pipes and easy to



access. Furthermore, M20 is the only mill with symmetrical pipes to the burners. Thus, to ensure
minimum disturbance of the condition and composition of the flow inside the pipe, dust samples
were obtained only from M20 using an isokinetic (i.e. sampling velocity = flow velocity)
sampling unit with cyclone. The sampling unit inlet was calibrated to be isokinetic with a
velocity of 30 m/s, which was the mean flow velocity inside the fuel pipes. The sampling unit
with cyclone consisted of a pipe with one end bent 90° that was isoaxially (i.e. aligned with the
flow) inserted into the fuel pipe. By vortex separation, the cyclone removed the very fine dust
sucked into a filter through an outlet. Isoaxial and isokinetic sampling conditions are according
to ISO 14488:2007 [20]. For shape and size analysis, dust samples were split into representative
subsamples by a rotating sample divider (type PT100, Retsch Technology GmbH, Germany).

2.5. Dynamic image analysis

A dynamic image analyzer (type Camsizer® X2, Retsch Technology GmbH, Germany)
recorded simultaneously the size and shape of comminuted pellets using two linked cameras
(basic and zoom camera) with a resolution of 4.2 megapixel per image, covering a measuring
range from 30 um to 8 mm. The particles are individually detected as projected areas,
digitalized and the images processed. The X-Jet mode of the Camsizer® X2 was used to disperse
the agglomerated wood dust falling from a vibrating feeder by a compressed air-driven venturi
nozzle. Preliminary tests were run to estimate the optimal compressed air pressure (30 kPa) and
sample size (15-20 g). The measurements were done in triplicate.

Compared to sieving, the PSD from Camsizer® X2 is presented as a cumulative (undersize)
volume distribution versus Xcmin. Preliminary tests and previous studies [6] show that this
parameter gives the closest results to those obtained by sieve analysis. Camsizer® X2 software
also provides the aspect ratio (width to length ratio) and circularity values among other 2D
shape parameters. These two parameters are commonly used for describing comminuted wood
particle shapes [6], [19]. The aspect ratio (AR) ranging between zero and one is defined as Eq.1
as follows:

AR = Xc,min @
Femax

Trubestkaya et al. [19] showed that Femax is suitable to represent the length of particle. The
circularity indicates how closely the particle resembles a circle. A value of one corresponds to
a perfect circle. The circularity is defined as follows (Eq.2):

4-1- Aparticle )
PZ

particle

Circularity =

2.5. Data analysis

The Rosin-Rammler-Bennet-Sperling (RRBS) model was used to describe the comminuted
product PSD. It is a two-parameter distribution function expressed as a cumulative percent
(undersize) distribution. Previous studies [20]-[22] showed good correlation between RRBS
fitted parameters and measured milled particle sizes. The RRBS equation Eq. 3 is [23]:
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A plot of In[In[100/(100-R(d)]] against In(d) on double logarithmic scale gives a straight line
of slope n. The smaller the n-value, the wider the product PSD, whereas higher n-values imply
a more uniform product distribution [24].

The 90th percentile (D90) of the cumulative (undersize) weight distribution is calculated to
assess the classifier performance in terms of particle fineness of the collected wood dust. Yu et
al. [25] found a very strong positive correlation between classifier cut size and product fineness
(D90), as well as between cut size and fine product yield. The latter one is the ratio of mass
flow rate of fine product and mass flow rate of material feed. In particular, a smaller cut size
led to a finer dust collected, and smaller fine product yield.

The specific grinding energy consumption (SGEC) is a common measure to characterize the
milling performance, expressed in the following Eq. 4:

(4)

SGEC =

Mpejlets

Another measure of the mill performance is the differential pressure drop (Ap) across the mill.
A low drop in pressure is desirable, but factors such as mpejjets, airflow rate (mp;,), and mill
geometry lead to an increased Ap [26].

2.6. Milling tests

Table 2 shows the operating conditions for different milling scenarios at steady-state operation.
The focus was on M20, as its outlet pipes were easy to access and symmetrical, thus minimizing
the influence of pipe geometry on the dust flow characteristics. In total, the following 12 milling
scenarios were chosen:

e Scenario 1-2: compare the size and shape of disintegrated A and B pellets versus A and
B pellets comminuted at similar steady-state milling conditions, and
e Scenarios 3-8: test influences of mill load changes when milling A and B pellets.

Table 2: Mill operating conditions for various test scenarios.

# Pellets Mpejiet I Mill air/fuel | Rotor speed® HGP
(th) (th) ratio? (%) (MPa)
1 A 20.6 46.8 23 17.4 6.6
2 B 20.6 46.7 23 17.5 6.7
3 B 20.6 52.2 25 13.0 6.7
4 B 16.6 43.7 2.6 13.0 6.3
5 B 14.3 41.2 2.9 13.0 6.1
6 A 20.4 46.5 23 17.6 6.7




7 A 17.4 43.0 25 16.6 6.4

8 A 144 39.6 2.7 15.7 6.1

1 Dam ring height and milling table speed are constant.
2Mill air/fuel ratio is the ratio of primary airflow rate to pellet feed rate into the VRM.

% Rotor speed is given as the percentage of the maximum speed.

3. Results and Discussion

3.1. Comparison between disintegrated and comminuted pellets

Table 3 shows that the d* and D90 values decrease after roller milling by 40 % and 19 % for A
pellets, respectively, and by 49 % and 24 % for B pellets, respectively. This confirms the
hypothesis that roller mills achieve an effective size reduction, and not only disintegrate pellets
into their constituent particles after disintegration in hot water according to EN ISO
17830:2016. It is clear that comminuted particles are smaller than disintegrated ones. Due to
the coarser initial feed PSD of B pellets, the calculated SRR is larger for B pellets than for A
pellets. Comminuting A and B pellets seems to generate a similar PSD width (same RRBS n-
value), but wider PSDs (lower RRBS n-values) than disintegrated pellets. Disintegrated pellets
were thus more uniformly distributed than comminuted pellets.

Comminuted A pellets are finer than B pellets, especially in the medium to coarse size fraction
(0.75 mm < x¢_min < 1.50 mm). Differences in the particle size may be explained by differences
in the wood pellet characteristics, such as internal pellet PSD, and wood properties. In
particular, the different anatomical structure and chemical composition of softwood and
hardwood species may cause a different grinding behavior in the mill,

Table 3: Milling performance of comminuted A and B pellets compared to
disintegrated pellets One standard deviation between pipes in parentheses.

n d* D90 (mm) | SRR* | P SGEC? | Ap (kPa)
(mm) (kW) (kWht)
Comminuted  pellet A | 0.97 0.50(0.10) | 1.22 (0.07) | 1.7 197.5(3.1) | 9.6 3.4(0.2)
(Scenario 1) (0.03)
Disintegrated pellet A 1.37 0.83(0.01) | 1.51(0.01)
(0.06)

Comminuted  pellet B | 0.97 0.56 (0.13) | 1.39(0.07) | 1.9 287.3(3.3) | 13.9 4.4 (0.1)
(Scenario 2) (0.08)

Disintegrated pellet B 1.40 1.09 (0.04) | 1.82(0.02)
(0.01)

SRR = size reduction ratio representing the ratio of d* of the disintegrated pellet feed to d* of the comminuted
pellet product.

2Dynamic classifier and fan power not included in SGEC.



B pellets further required a 45 % higher power consumption, 45 % higher SGEC, and led to a
29 % higher Ap compared to milling A pellets (Table 3). The higher Ap may result from a higher
accumulation of pellet material on the milling bed due to a larger quantity of coarse particles
rejected by the classifier. The higher power consumption for B pellets may be mainly due to its
coarser internal pellet PSD (feed particle size) before milling. Parameters such as pellet
moisture content and durability that are known to affect the energy required for milling may be
negligible, as they are similar for A and B pellets (Table 1).
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Figure 1: Average circularity (a) and aspect ratio (b) of disintegrated and
comminuted A and B pellets. Error bars indicate one standard deviation
within different burner pipes.



Figure 1 shows derived 2D shape parameters (aspect ratio and circularity) of comminuted and
disintegrated pellet samples. Values for the coarsest particles should be taken with caution due
to small number of particles analyzed. Overall, circularity and aspect ratio distributions of
disintegrated and comminuted pellets show similar trends regardless the differences in internal
pellet PSD. This indicates that the roller mill only affects the particle shape slightly. The
observed particle shape may be therefore related to the raw material size reduction step prior to
pelletization that is commonly performed in hammer mills. Pichler et al. [21] obtained similar
aspect ratios for dry spruce sawdust particles ground in a hammer mill. Our experimental results
also corroborate previous findings from Trubetskaya et al. [19] and Williams et al. [6] who
found that comminuting pellets in roller mills only had little effect on the particle shape.

3.3. Influence of mill load

The general concept in modern CHP plants is to adjust the mill load (i.e. mill productivity)
according to the needs of the boiler. A measure of the mill load is the pellet feed rate to the mill.
Generally, more pellets entering the mill will increase the mill load, and hence the production
rate. A higher mp.);e means more material on the milling table, thus increasing the milling bed
thickness that will lead to a higher Ap (Table 4). This expectation is supported by a very strong
positive, but not statistically significant, trend between mpge; and Ap (r=0.80, p=0.058), as
shown in Table 5. In order to compensate for a thicker milling bed that requires a higher
grinding effort, mpe et Was regulated along with HGP. Thus, the HGP provided by the spring-
loaded roller system increases with a higher mpg et (i-€. thicker milling bed) and vice versa
(Table 2). The Pearson’s correlation coefficient of r=1.00 (p<0.001) confirms that there is a
perfect linear relationship between mg..q and HGP (Table 5). Besides increasing HGP, myj;,
was also regulated in a strong linear manner with the mpger (r=0.99, p<0.05). The greater
amount of comminuted material in the mill requires a greater airflow volume for its transport
through the classifier separation zone.

Table 4: Effect of pellet feed rate on milling performance. One standard
deviation between pipes is indicated in parentheses.

Mpejer Mair () N d* D90 SRR? P SGEC! Ap
(t/h) (mm)  (mm) (KW)  (KWhit) (kPa)
Disintegrated 1.37 0.83 1.51
pellet A (0.06) (0.01) (0.01)
Comminuted 204 46.5 0.96 0.57 1.34 15 2136 105 2.9
pellet A (0.04) (0.07) (0.04) (1.9)
(Scenario 6)
Comminuted 17.4 43.0 0.93 0.53 1.29 1.6 2042 117 24
pellet A (0.01) (0.03) (0.08) (1.5)
(Scenario 7)
Comminuted 144 39.6 0.87 0.41 1.14 2.0 190.7 133 2.0
pellet A (3.1)

(0.04) (0.03) (0.11)
(Scenario 8)




Disintegrated 1.40 1.09 1.82

pellet B (0.01) (0.04) (0.02)
Comminuted 20.6 52.2 1.00 0.77 1.62 1.4 2289 111 3.8
pellet B (0.07) (1.2)

(0.11) (0.07)
(Scenario 3)

Comminuted 166 437 095 068 153 1.6 1924  11.6 2.8
pellet B (0.06) (0.08) (0.07) (.1)

(Scenario 4)

Comminuted 143 412 088 046 120 24 1785 125 2.6
pellet B 1.2)

(0.07) (0.08) (0.09)
(Scenario 5)

'Dynamic classifier and fan power not included in SGEC.

SRR = size reduction ratio representing the ratio of d* of the disintegrated pellet feed to d* of the comminuted
pellet product.

Table 4 shows the influence of various mill loads on the milling performance of A and B pellets.
The general trend shows that a lower power consumption was achieved for a lower mpegjjer. The
power required for comminuting A and B pellets decreased from 213.6 kW at 20.4 t/h to 190.7
kW at 14.4 t/h for A pellets and from 228.9 kW at 20.6 t/h to 178.5 kW at 14.3 t/h for B pellets,
respectively. This is because the resistance of the vertical roller moving through the milling bed
decreases, as the milling bed thickness reduces. Thus, it is easier for the motor to move the
rollers. The correlation matrix in Table 5 further confirms that there is a statistically significant
positive relationship between absorbed mill power (P) and mpg)je: (r=0.88, p<0.05).

Being the most power-consuming unit of the CHP plant, the SGEC is a suitable indicator of the
grinding efficiency. When operating at higher loads, the roller mills achieve a lower SGEC
(Table 4), hence indicating a higher grinding efficiency. A statistically significant negative
correlation (r=-0.94, p<0.01) was found between SGEC and mpje; (Table 5). Thus, in order
to reduce the SGEC, mpge; (i.€. production rate) should be maximized.

Table 4 shows the changes in the PSD of comminuted A and B pellets as a function of mpejjet
and m,;., and compared to disintegrated pellets. The SRR decreases with a higher mill load
and it seems that the dust PSDs produced at higher loads has higher d* and D90 values that
indicate a reduced residence time (lower circulation load) of the pellet material in the mill.
Thus, wood particles experience fewer roller-grinding actions, which lead to a coarser
comminuted product. This may be due to the increasing airflow that provides a higher air speed
to sweep away coarser particles to the classifier. Hence, the classifier cut size increases with
increasing mill load. Consequently, at lower mill loads, the classifier cut size decreases, and the
comminuted product becomes finer.

Generally, at all loads, a wider wood dust PSD (lower RRBS n-value) was observed compared
to disintegrated pellets. The dust PSD became wider (lower RRBS n-value) with a decreasing
mill load. The lower the RRBS n-value, the finer the comminuted product. At high HGP,
particles theoretically experience more destructive breakage with the development of a finer
product that is lifted through the classifier out to the burner pipes [16]. However, this could not



be observed in this study. Instead, the increase in the ;. may be a more dominant factor to
affect the classifier cut size, thus resulting in a coarser final product originating from a
decreased classifier separation. In summary, the roller mills achieve lower SGEC when
operating at higher loads, but the wood dust produced is coarser than at lower loads. Although
the mill load was reduced by 30 %, differences of average aspect ratio and circularity values
between disintegrated and comminuted pellets were minimal. They followed a similar trend as
described in section 3.1. Thus, VRMs regardless of their load only slightly alter the wood
particle shape.

Table 5: Pearson’s correlation coefficient (r) matrix for comminuting

Mpejer | Mair | HGP | N a* DY | P SGEC | Ap

IhF’ellet 1.00

My, | 0.99° | 1.00

HGP 1.00™ | 0.89" | 1.00

n 0.79 0.59 |0.81" |1.00

d* 0.78 0.44 | 0.79 0.81 | 1.00

D90 0.74 040 |0.76 0.80 | 1.00™" | 1.00

P 0.88" |0.76 | 0.89" |0.62 |0.71 0.66 | 1.00

SGEC | -0.94™ | -0.87" | -0.93™ | -0.65 | -0.70 | -0.67 | -0.73 | 1.00

Ap 0.80 0.49 |0.81 0.85" | 0.89" |0.87°|0.74 |-0.71 | 1.00

“p<0.05, “p<0.01and “"p < 0.001.

4. Conclusion

Power plant vertical roller mills achieved an effective particle size reduction, but only slightly
altered the particle shape. Wood pellet comminution at various mill loads produced finer and
wider PSDs than the internal pellet PSD. Pellets with a coarser internal PSD required more
energy for grinding (and hence higher SGEC), and led to a higher mill pressure loss and a
coarser comminuted product. Decreasing the mill load produced finer and wider comminuted
pellet PSDs, and reduced mill pressure loss and absorbed mill power, but decreased the SGEC.
Adjustments of mill operating conditions had a minor effect on the particle shape.
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Notation

AR

d

d*

Mpeners  Pellet feed rate [t/h] n Material ~ uniformity  constant

Apariicle  Particle projection area [mm?] P Absorbed mill power [kW]

Femax Maximum Feret diameter or Xcmin Shortest maximum chord (= width

(distribution parameter) [-]

Aspect ratio [-] Ppartice  Particle perimeter[mm]

Particle size [mm] R Cumulative percent (undersize)
distribution of a material finer than
the particle size d [%)]

Characteristic particle size defined SGEC  Specific grinding energy
as the size at which 63,21 % of the consumption [KWh/t]
PSD lies below [mm]

maximum  caliper  diameter of a particle projection) [mm]
(= particle length) [mm]
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