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Abstract: This study explores the effects of adjusting pro-
duction rate and plate gaps on fibre distributions and
handsheet properties in a double disc (DD) refiner, and ex-
amines how these factors influence pulp characteristics and
energy use. Experimental results indicate that elevating
production rates can reduce specific energy demands at a
given tensile index (TI). Beyond individual properties, chi-
squared tests were used to compare full fibre property dis-
tributions. These analyses demonstrated that pulps with
equal TI are statistically indistinguishable across operating
conditions, whereas pulps with different TI exhibit clear
distributional differences. Overall, findings suggest that
improved energy efficiency observed at higher production
rates is primarily due to more effective refining mecha-
nisms, rather than differences in the resulting fibre distri-
butions. Further research is needed to clarify the complex
interplay between production rate, specific energy, fibre
properties, and handsheet properties, particularly the role
of fibrillation in TI development.

Keywords: fibre distributions; refiner efficiency; double disc
refiner

1 Introduction

Thermomechanical pulping (TMP) offers high yield by
retaining most wood components, but it comes with
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significant energy costs, particularly in the first-stage high
consistency (HC) refining (Corson 1973; Falk et al. 1987,
Peterson and Dahlqvist 1973). Optimizing energy use in this
stage is crucial for both economic and environmental rea-
sons, with the objective being to increase refining efficiency,
defined as the tensile index (TI) divided by specific refining
energy (SRE).

Given the importance of reducing SRE in HC refining,
production rate is a key factor that directly influences en-
ergy efficiency. Increased production rates in mill-scale
refining typically lead to a decrease in SRE at a constant TI
(Harkonen and Tienveri 1995; Sandberg et al. 2021; Strand
et al. 1993). This trend has been widely observed in mill
operations (Engstrand et al. 2015; Karlstrém and Hill 2017),
though pilot studies occasionally report different outcomes
(Murton and Corson 1997; Stationwala et al. 1991). Yet, there
is strong support that refining efficiency increases with
production rate for mill scale refining inside the operating
window, i.e. the range of refiner variables that gives stable
refiner operating conditions. Additionally, adjusting the
plate gap can have a significant impact on tensile strength
development, often more so than production rate changes
(Sandberg et al. 2021).

Understanding the fibre-level mechanisms driving these
improvements is crucial, particularly with respect to the
relationship between TI and SRE. In this study, the “fibre
distribution” is defined as the empirical, five-dimensional
(5D) distribution of pulp particle characteristics — length,
width, wall thickness, curl, and fibrillation — measured using
a fibre analyser with image analysis. Here, fibrillation refers
to the visible external fibrillation quantified by the analyser.
This operational definition differs from that of Page (1989),
which also includes internal fibrillation and loose fibrils. The
aim here is to clarify how refining variables influence the
development of pulp properties, by studying the effects of
production rate and plate gap on these fibre distributions. To
this end, a double disc (DD) refiner, known for its superior
refining efficiency (i.e. the development of a given property,
including freeness, tensile index, and light scattering, per
unit specific refining energy) compared to single disc
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refiners (Falk et al. 1987), is studied. The refiner operates at
three different production rates while adjusting the plate
gap across a 3 x 3 matrix, enabling the impact on both fibre
distributions and handsheet properties to be assessed. Spe-
cifically, this paper seek to determine whether changes in
plate gap or production rate leads to different fibre-level
refining mechanisms. In the present dataset, TI is strongly
correlated with all other measured handsheet properties. TI
is therefore used as a representative response variable when
comparing pulps. The research question can thus be
formulated in terms of fibre distributions at constant TI,
leading to the following hypotheses:

Null Hypothesis (Hp): The fibre distribution does not
differ between different production rates and plate gap
settings when the TI is held constant.

Alternative Hypothesis (Hy): The fibre distribution dif-
fers between different production rates and plate gap set-
tings, even when the TI is held constant.

To test this hypothesis, it is essential to measure fibre
distributions and examine how refining variables influence
them. Optical measurements of fibre distributions were first
introduced in the 1970s by Kajaani and STFI (Rydefalk et al.
1981). Since then, advancements in camera technology and
image processing have led to significant improvements in
fibre property measurement (Karlsson et al. 1999), though
challenges remain in describing differences for mechanical
pulps (Ferritsius 2021). Recent advances include using
lognormal mixtures to model multidimensional fibre dis-
tributions (Lindstrom et al. 2024), as well as Kolmogorov-
Smirnov statistics to compare pulp particle distributions
before and after low-consistency (LC) refining stages
(Sandberg et al. 2024).

In this study, chi-squared statistics is used to compare
two-dimensional (2D) empirical fibre distributions to assess
whether they could plausibly originate from the same un-
derlying distribution. For each pair of distributions such as
length versus width, length versus curl, and so on — is tested
for statistical differences at a given significance level. To
ensure that the conclusions are not artifacts of multiple
testing, the Bonferroni correction is applied to adjust for the
number of comparisons. This framework allows the deter-
mination of whether variations in production rate and plate
gap result in statistically distinct fibre distributions, even
when the tensile index (TI) remains unchanged.

While changes in production rate and plate gap are well
known to affect refiner load and energy dissipation (Eriks-
son 2005), this study focuses exclusively on these variables.
Other potential refining modifications, such as the use of
chemicals to induce fibre swelling (Engstrand et al. 1995) or
steam release to adjust the plate gap (Johansson et al. 2009),
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are beyond the scope of this investigation and are left for
future research.

This study contributes to a more detailed understanding
of how production rate and plate gap influence fibre-level
outcomes in TMP refining. By combining empirical mea-
surements with a rigorous statistical comparison of fibre
distributions, this paper aim to provide insights that support
more energy-efficient refining practices. The following sec-
tion outlines the theoretical framework used in this analysis,
including the construction of histograms, the formulation of
the chi-squared test, and the approach to handling multiple
comparisons.

2 Materials and methods
2.1 Theory

Higher-dimensional empirical distributions tend to be noisy
due to insufficient sample size. Unless the binning is made
very coarse, many cells will contain only a few observations.
Therefore, to reduce noise while preserving relevant struc-
ture, the analyse is done as sets of two-dimensional (2D)
marginal distributions: length-width, length-wall thickness,
length-curl, and length-fibrillation.

Consider a 2D sample A = {(X3, Y1), (X5, Y2), ..., Xna, Yna)}.
The 2D histogram is defined as an N x N matrix h,, with
elements

ny
hay = 110G < X <Xi)I(Y) < Yi <yj)s §)
=1
where X3, X5, ..., Xyy1 and yy, Yo, ..., Va1 are bin edges, and I(-)

denotes the indicator function. In this study N = 10 in all
histograms.

To assess the difference between two samples A and B,
with histograms h, and hp constructed using the same bin
edges, the chi-squared statistic is calculated for each cell (i, )
of the N x N grid. To ensure statistical reliability, the com-
parison is restricted to cells where both counts meet a
minimum threshold m = 5. The set of such indices is

S={(@)|hay=mA hgy = m}. (%)

For each cell (i, ) € S, the expected counts under the null
hypothesis that the two samples are drawn from the same
underlying distribution is computed, while allowing for
different total sample sizes. The expected counts in each cell
are then

ny
EA i === hA “+hB ii
3} nA+nB( '} Jj)’
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The chi-squared contribution from each cell is
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with a total chi-squared statistic
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The p-values associated with the chi-squared statistics of
the 2D empirical distribution is

p =1-Feq(x*; dof), (6)

where F,. denotes the cumulative distribution function
(CDF) of the chi-squared distribution, dof = |S| — 1 represents
the degrees of freedom, and |-| denotes the number of ele-
ments in a set. A p-value lower than a significance level a =
0.05 indicates a significant difference between the two 2D
samples, suggesting that the distributions of A and B differ
across the domain.

Having defined the chi-square test for comparing 2D
empirical distributions, the approach is now extend to a set
of 2D marginal distributions derived from the same multi-
dimensional distribution. Suppose q different 2D marginal
distributions - e.g. length-width, length-wall thickness, and
so on — between two higher-dimensional samples A and B
are compared. Each of the ¢ marginal comparisons yields a
p-value ps, p, ..., pg- The Bonferroni correction tests each
null hypothesis at level a/q. Thus, the global null hypothesis,
that all ¢ marginals originate from the same underlying
distribution rejected if

. a

e (i) ‘T 7
and fail to reject otherwise. In layman’s terms, two higher-
dimensional distributions are regarded as indistinguishable
if all their p-values exceed a/q.

For illustration purposes, a cell-wise p-value test is
defined to identify specific regions of the histogram where
the samples may differ. For each cell an informal p-value is
calculated:

2, ..
py = [1FUD) e o

1, otherwise.

To account for multiple comparisons across all valid
cells, a Bonferroni correction is applied, adjusting our
threshold for significance to |S|p; < a. Cells that satisfy this
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condition may indicate regions where the distributions of
samples A and B differ. While this cell-wise approach is not a
formal statistical test, it provides an indication of specific
areas in the histogram where significant differences might
exist.

2.2 Experimental

The experiments were conducted at the Stora Enso Kvarns-
veden Papermill using Norway spruce, where the system
consist of one primary DD HC-refiner followed by screening
and reject refining. However, this paper only concerns pri-
mary refining. The DD refiner was operated at three
different production rates: 14, 17, and 12 ADMT/h. For each
production rate, samples were collected at three different
plate gaps. To check for possible drift, the initial condition (14
ADMT/h, 0.49 mm plate gap) was repeated and sampled
again at the end of the trial.

Pulp samples were collected in the blowline of a primary
DD-68 refiner. Approximately 30 partial samples were taken,
each one over a 3-min interval. The pulp was homogenized,
and several 55-g subsamples were immediately stored in a
freezer. For each blowline sample, a corresponding sample
was taken from the latency chest to accurately measure pulp
consistency. These measurements together with flow rate
enabled a more reliable estimate of production rate. The
uncertainty in the measured consistency and flowrate was
less than 1 % and the uncertainty in the average power to the
refiner is small, resulting in an overall uncertainty in the SRE
of less than 2 %.

Pulp samples were defrosted at room temperature the
day before analysis. Hot disintegration followed ISO 5263-
3:2004, and freeness was measured according to ISO 5267-
2:2001. Both freeness and handsheet properties were ana-
lysed twice, with average values presented in the figures.
Laboratory sheets were prepared according to ISO 5270:2012.
Freezing does not affect pulp properties (Ferritsius 1990).
However, although hot disintegration is a standard proced-
ure, Ferritsius et al. (2024) showed that it can influence
handsheet properties such as TI and density to an extent
comparable to a low-consistency refining step. This illus-
trates the importance of treating the samples consistently.

Tensile testing was conducted by two technicians. Each
technician performed two series of tests, with each series
including 20 strips per sample, doubling the 10 strips rec-
ommended by the standard method (ISO 1924-3:2005). In
total, tensile test values are based on 80 strips per sample,
providing more reliable measurements of T, tensile stiffness
index (TSI), elongation at break, and tensile energy absorp-
tion (TEA). The 95 % confidence interval for the TI using 40
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strips was +0.5 Nm/g, whereas using only 10 strips, as per the
standard, resulted in a much larger interval (Ferritsius et al.
2017).

Apparent sheet density was measured according to ISO
534:2011. Fibre analyses were performed using a Fiberlab
optical analyser (Valmet Fiber Image Analyzer, Finland).
Three subsamples from each investigated process point
were hot-disintegrated and measured three times in the
Fiberlab analyser. Consequently, the average values are
based on nine Fiberlab measurements. The length-length
weighted fibre length was determined according to ISO
16065-2:2007. Arithmetic averages (default values from
Fiberlab), as well as length-weighted (Iw) and length-length-
weighted (llw) values were used for fibrillation, fibre wall
thickness and fibre curl.

The experimental design was structured to enable spe-
cific comparisons of fibre distributions under different
refining conditions. To visualise and analyse these distri-
butions, contour plots of the 2D histograms based on
measured fibre properties (X, Y) are used, where X and Y
represent any two of the measured properties. From the full
dataset, five samples were selected for further analysis, and
their distributions are compared across four key scenarios,
as illustrated in Figure 1: (1) equal SRE but different TI; (2)
equal TI but different production rates and plate gaps; (3)
equal production rates but different plate gaps and TI, the
common way to improve sheet properties; and (4) equal
plate gaps but different TI and production rates. Figure 1 also
identifies the specific samples included in each comparison.

A 1270.49mm AA
B 1270.59mm 4
341 @ 1270.70mm
A\ 14T0.49mm 2
B, /N 14T0.49mm
§ O  14T0.59mm
o O  14T0.70mm 1
$ a0l | A 17T049mm 3 O
£ @ 17T0.70mm
[0}
2
T 281
'_
26
@®
24 : : : : : ;
1100 1150 1200 1250 1300 1350 1400

Specific refiner energy [kWh/ton]

Figure 1: TIversus SRE for DD-68 refiner running at different plate gaps
and production rates, where different markers indicate different gaps.
The relations annotated 1, 2, 3, and 4 indicate the comparisons that were
considered (relation (3) does not include the reference sample).
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The most critical comparison is scenario (2), where
pulps with the same TI but different control settings (pro-
duction rate and plate gap) are compared. This allows us to
directly test the null hypothesis (Ho) and better understand
the mechanisms controlling refining efficiency. Compari-
sons in scenarios (1), (3), and (4), where TI varies, serve to
confirm that differences in TI are reflected in the pulp dis-
tributions and to assess the magnitude of these variations.

3 Results
3.1 Average pulp quality and specific energy

In this study, production rates of 12 and 14 ADMT/h exhibited
a consistent response in terms of TI versus SRE, as depicted
in Figure 1. However, when the production rate was further
increased to 17 ADMT/h, approximately 100 kWh/ADMT
lower SRE was required to achieve a given TL

Allinvestigated fibre and sheet properties (Table 1) were
correlated with TI in this study despite differences in SRE
(0.7 < R* < 0.99). The trials are labelled using the format
“ppThhmm?”, where pp denotes the production rate in units
of ADMT/h, and hh denotes the gap in units of mm. The
sample 17T0.49 mm, denoted by a red triangle symbol in the
plots, is used as a reference to illustrate changes in the dis-
tribution of fibre properties.

Four independent measurement sets (10 replicates each)
were performed for each sample. Only the mean value for
each set was retained. The variability between sets was
quantified as the standard deviation of the four means and
expressed as a coefficient of variation in Table 1.

As noted in the introduction, higher production rates
are often associated with reduced SRE at a given TI, and this
can sometimes coincide with a reduction in fibre length.
When plotting TI against both length-weighted average fibre
length (Figure 2) and length-length weighted average fibre
length (Figure 3), as recommended by Ferritsius (2021), the
measurements from different production rates and plate
gaps collapse onto the same regression line. This indicates
that increased production rate did not lead to any significant
reduction in fibre length at a given TI. This is a first indica-
tion that the distributions are similar. The consistency across
settings suggests that fibre length remains unaffected by
production rate and plate gap in the examined operating
range.

There was a good correlation between TI and fibrillation
with R? = 0.96, length-weighted fibrillation shown in Figure 4
with R? = 0.98, and length-length-weighted fibrillation with
R*=0.98.
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Table 1: All measured handsheet properties of the pulps used for pairwise comparisons.

Property 171049 mm A 1410.70mm O 121049 mm A 1210.59 mm [ 1210.70mm @
Density (kg/m3) 403 (3.3) 363 (4.1) 414 (4.3) 377 (4.9) 381 (8.1)
TI (Nm/qg) 33.5(0.26) 27.4(0.21) 35.1(0.37) 32.4(0.50) 27.9(0.41)
Elongation (%) 1.78 (0.046) 1.66 (0.031) 1.92 (0.060) 1.83(0.038) 1.75(0.021)
TEA ()/9) 26.3(7.5) 19.5 (5.5) 29.5(8.4) 25.3(7.2) 20.8 (5.9)
TSI (kNm/q) 3.96 (0.060) 3.27 (0.035) 4.01 (0.054) 3.71(0.024) 3.28 (0.092)
Tear index (mNmZ/g) 6.80 (0.057) 7.24(0.11) 6.58 (0.10) 6.77 (0.13) 6.98 (0.086)
s (mz/kg) 54.3(0.34) 46.8 (0.10) 56.2 (0.13) 52.8 (0.078) 49.2 (0.21)
Spec energy (kWh/T) 1,258 1,261 1,369 1,358 1,286

The standard deviation of the mean is given in parentheses.

38t
A 1270.49mm
36+ B 1270.59mm
@ 1270.70mm
A\ 14T0.49mm
T34 /N 14T0.49mm
§ O  14T0.59mm
=30l O  14T0.70mm
x
3 A 1770.49mm
£ - @ 17T0.70mm
2 R20.91692
[
[0
=28t )
26
24 , i ; : . .
1.35 14 1.45 15 1.55 1.6 1.65

Length (Iw)[mm]

Figure 2: TI versus length-weighted average fibre length.
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Figure 3: TI versus length-length-weighted average fibre length.
To separate the contribution of fibrillation from its

correlation with fibre length, the data were fitted to a linear
model of the form TI = C; + C3L; + C3F,, where L, is the

38
A 1270.49mm
36| W 1270.59mm
@ 1270.70mm
A\ 1470.49mm
T34 A 1470.49mm
§ O 14T0.59mm
=30l | O 14T0.70mm
x
3 A 1770.49mm
£ - @ 17T0.70mm
B R20.98431
=
()
— o8}t

24
6.5 7 7.5 8 8.5 9

Fibrillation (Iw) [%]

Figure 4: TI versus length-weighted fibrillation.

length-weighted mean fibre length and F, is the length-
weighted mean fibrillation. The coefficients C;, C, and C; are
optimized to minimize the sum of the squares of the re-
siduals in TI. This is the 3D counterpart to the linear corre-
lation in 2D.

The coefficients of the linear model, along with their
95 % confidence intervals, are presented in Table 2, showing
a strong fit with R? = 0.99. Within the tested range, TI is
effectively independent of fibre length once controlled for
fibrillation, as indicated by a near-zero standardized slope
(the 95 % confidence interval for C, includes zero). However,
fibrillation still has a clear positive partial slope, indicating a
positive influence on TI.

The apparent contradiction with Figure 2, which seems
to show a negative correlation between TI and fibre length, is
explained by the influence of fibrillation. Fibrillation is
associated with a reduction of fibre length on average, both
by shortening existing fibres and by introducing new,
shorter fragments, i.e. the correlation that is seen in Fig-
ures 2 and 3 is a result of a correlation between length and
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Table 2: Result of the optimization of TI as a function of fibrillation and
fibre length.

Property Value Uncertainty
C; (intercept, Nm/qg) -1 +16
(, (length slope, Nm/gmm) 0.56 +6.7
3 (fibrillation slope, Nm/g) 53 +0.76

fibrillation and not a result of how length influence TI. This
explains the observed trend and resolves the apparent
inconsistency.

3.2 Distributions of fibre properties

As outlined in the Theory section, the five-dimensional dis-
tribution of fibre attributes is examined through a set of two-
dimensional (2D) marginal distributions, where fibre length
is fixed as one of the two attributes in each pair. The bin
edges in each 2D histogram are equidistant in logarithmic
space, which means that the resulting plots are not equiva-
lent to probability density functions. Logarithmic binning
leads to a more even distribution of counts across the
domain and improves visual clarity, particularly in sparsely
populated regions. As an example, Figure 5 shows the length-
fibrillation histogram of the reference sample 17T0.49 mm,
with 10? bins, presented as a contour plot with equidistant
contour levels. This and all subsequent histogram plots are
normalized so that the maximum bin count has hight 1
(yellow) and zero is blue.

To test our hypothesis H, — that equal distributions lead
to the same TI regardless of production rate or plate gap
settings — distributions obtained under varying conditions
are compare with the reference 1770.49 mm. To illustrate the
type of data considered, Figure 6 shows the difference be-
tween normalized (histogram divided by the number of oc-
currences) length-fibrillation histograms under the four
scenarios: (1) constant SRE, (2) constant TI, (3) constant
production rate, and (4) constant plate gap. All histogram
differences are presented as contour plots using a common
scale normalized by the largest difference in any set of
comparisons, e.g. fibrillation and no difference is 0. While
the original histograms appear visually similar, the differ-
ence plots help reveal subtle shifts that are difficult to
discern by eye. Similar graphs of the other properties can be
found as Supplementary Material at the journal’s web page.

In scenarios (1), (3), and (4), the most prominent feature
is a redistribution consistent with a shift in the position of
the peak of the histogram, indicating that the dominant fibre
population has moved within the length-fibrillation space.
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Figure 5: Histogram of fibre length and fibrillation for 17 T/h and a
0.49 mm gap. All 2D histograms are presented with logarithmic axes.

These shifts occur consistently across comparisons and
largely reflect differences in TI. In contrast, scenario (2),
where TI is held constant, shows no such peak displacement,
but rather scattered, low-amplitude fluctuations without a
clear spatial pattern. These may stem from measurement
noise or local variation, but the overall similarity supports
the plausibility of Hy. Corresponding plots for length-width,
length-wall thickness, and length-curl histograms also show
greatest similarity when TI is constant (see Supplementary
Material). This motivates a formal test using the chi-squared
framework described in the Theory section.

Table 3 summarizes the results of the hypothesis testing.
For each aspect of the fibre distribution (width, wall thickness,
curl, fibrillation), p-values were calculated from the 2D his-
togram comparisons according to Equation (6). A p-value
below a indicates that the null hypothesis — that the two
histograms originate from the same distribution — can be
rejected for that aspect. Equation (7) with q = 4 is used to
evaluated the global null hypothesis that two pulps are drawn
from the same underlying distribution, corresponding to the
four aspects. This global hypothesis is rejected in all cases
except when the tensile index (TI) is equal, for which the
distributions are indistinguishable. Figure 7 provides a more
detailed view by showing differences between 2D histograms
relative to a reference sample. Local significance is tested cell-
wise at level |S|p; < a, indicated by dotted regions in Figure 7.

Coherent regions of significant difference are observed for
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2) Constant Tl

04 06 1 16 25 4
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Figure 6: Differences between normalized fibre length-fibrillation histograms to illustrate effects of keeping different properties constant. (1) Constant
SRE’ illustrates the difference between the distribution of 14T0.70 mm subtracted from the reference 17T0.49 mm, which has the same SRE but a different
TL (2) Constant TI’ demonstrates the distribution difference between 12T0.59 mm and 1770.49 mm, produced with different production rates and plate

gaps but with similar tensile indices. {(3) Constant production rate’ displays the distribution difference between 1270.70 mm and 12T0.59 mm, with
different plate gaps but constant production rate. ‘(4) Constant Gap’ shows the distribution difference between 1270.49 mm and 1770.49 mm, with

different production rate but with similar plate gaps.

pulps with equal SRE, while pulps with equal TI show almost
no significant local differences.

Reported values are p-values for the null hypothesis that
the two samples have the same 2D marginal distributions
(width, wall thickness, curl, fibrillation). The rightmost col-
umn summarizes the overall test of whether the samples
originate from the same 5D distribution. “Rejected” means
the null hypothesis was rejected at significance level a = 0.05
according to Equation (7) with q = 4; “Not rejected” means
insufficient evidence to reject at this level.

4 Discussion

Increasing the production rate in refining affects several
variables, including the refining gap and the forces exerted
on fibres during separation and processing. At the same SRE,
an increase in production rate typically reduces the refining
gap, which alters the conditions within the refining zone.
This narrower gap can lead to increased forces on fibres,
impacting both fibre separation and subsequent fibre
treatment (Kerekes and Senger 2006).
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Table 3: Results of pairwise comparisons between samples.
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Compared samples Constant quantity P-value of the hypothesis; length to property distributions of From same 5D distribution
the two samples are from the same distribution
Width Wall thickness Curl Fibrillation
1270.59 1770.49 Tensile index 0.78 0.34 0.04 0.66 Not rejected
1470.70 1770.49 SRE <0.000001 <0.000001 <0.000001 <0.000001 Rejected
1270.70 1270.59 Production rate 0.00003 0.02 0.0002 <0.000001 Rejected
1270.49 17T0.49 Gap 0.00001 0.21 <0.000001 <0.000001 Rejected

Interestingly, the initial production rate increase in our
study did not result in a noticeable difference compared to
the highest production rate. This suggests that the refiner,
with its specific segments, may be “underfed,” meaning the
material density in the refining zone remains too low to
significantly alter refining conditions. However, the final
production rate increase seems to reach a threshold where
the increased material density in the refining zone begins to
substantially impact fibre processing. This behaviour is in
line with Harkénen et al. (2003) who showed that fibre
development varies across radial positions in the disc gap,
with gentle refining in the mixing zone and harsher treat-
ment in the narrow parallel section, and the work by Veh-
nidinen (2008) who showed that defibration patterns (effect
of the refining) are influenced by fibre morphology. Their
results underscore that fibre modification is strongly shaped
by local conditions such as gap geometry, steam flow, and
residence time in sections of the refining gap.

A common notion in refining literature is that higher
refining intensity leads to energy savings, well covered and
summarized by Sandberg et al. (2018). However, as Sandberg
et al. noted, the concept of intensity is ill defined and, even
with a clear definition, such statements may be misleading,
as they overlook the effects of fibre mat buildup and the
actual conditions within the refining zone. Without this
knowledge, the load history of fibres is not known. While
higher intensity can indeed impact energy consumption,
focusing solely on intensity without considering the internal
dynamics of the refining zone does not provide a complete
picture of energy efficiency. Misinterpreting this relation-
ship can lead to incorrect assumptions regarding both en-
ergy savings and refining outcomes. This implies that this
experiment was conducted with a favourable fibre mat and
if the experiment is to be repeated, it is an important
parameter to consider.

These observations highlight the importance of internal
refining zone dynamics, particularly the buildup of the fibre
mat, which can create varied internal conditions even when

external variables, such as production rate and gap settings,
are held constant. The structure of the fibre mat can influ-
ence temperature and pressure distribution across the
refining zone. While our study does not specifically examine
the effects of temperature, previous work by Karlstrém and
Hill (2017) has shown that temperature measurements can
provide valuable insights into variations in refining zone
conditions. Such monitoring could help identify subtle
changes within the refining zone that may not be apparent
from external variables alone.

The results shown in Table 2 indicate that the tensile
index (TI) is largely independent of fibre length and instead
strongly influenced by the degree of fibrillation of the long-
fibre fraction. A similar observation was reported by Reyier
C)sterling et al. (2012), who demonstrated in fractionation
experiments that shorter fibre fractions required a sub-
stantially higher degree of fibrillation to reach the same TI as
longer fibre fractions. This finding supports the interpreta-
tion that tensile strength development is primarily governed
by bonding-related mechanisms rather than fibre length per
se. From a fracture mechanics perspective, this behaviour is
consistent with the framework presented by Larsson et al.
(2018), where tensile failure is described as being controlled
by bond strength and fibre length. In the context of
contemporary machine-learning models — where fibre
length may sometimes appear as a negative predictor, as
observed by Uddin et al. (2024) — the present way of pre-
senting the relationship may offer pedagogical value by
clarifying the mechanistic basis underlying such statistical
outcomes.

A limitation of this study is that optical measurements
may not capture all aspects of fibre modification. Although
no statistically significant differences in fibre distributions
at a constant TI is detected, this does not rule out the possi-
bility of sub-resolution effects such as changes within
the fibre wall. As Vehnidinen (2008) points out, fibre wall
flexibility and fibre wall structure can change during
defibration in ways that may not be reflected in average
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Figure 7: From left column shows the 2D histograms of the reference sample 17T0.49 mm with colourbar included; the middle column shows the
difference between the normalized histograms of 14T0.70 mm and the reference, which has the same SRE; and the right column shows the normalized
histograms of 12T0.59 mm and the reference, which has approximately the same TI. The two later columns have the common colourbar to the right. The
dotted regions indicate where the hypothesis that the bins come from the same distribution can be refuted locally at a = 0.05 significance, i.e. when

IS1P; < a.

fibre dimensions. However, if such undetected changes did precisely to maintain a constant TI — an unlikely and highly
impact TI, they would need to counterbalance each other speculative scenario.
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Note that this paper do not claim that other means of
altering TI, such as changes in temperature, chemistry, or
any variables beyond gap and production rate, would yield
the same fibre distributions at a constant TI. Additionally,
the findings apply specifically to the type of refiner used in
this study and may not extend to other types of refiners.

A Kkey question remains: why is refining energy seem-
ingly wasted at lower production rates? One possibility is
that energy at lower production rate is lost to friction within
the refiner, generating heat. It is also possible that some
energy drives fibre modifications below the resolution of the
optical measurement equipment used, which may not show
up as measurable differences in fibre distribution, such as
internal fibrillation (Page 1989). Although these experiments
cannot directly investigate these potential mechanisms, this
highlights the need for further research into energy distri-
bution during refining. Future studies using advanced im-
aging or different resolution techniques could help reveal
these low-intensity processes or sub-resolution modifica-
tions. With the existing samples, further analysis could also
offer additional insights.

5 Conclusions

The study investigated the impact of varying DD refiner
production rate and plate gap on fibre distributions and the
TI of handsheets. Tensile index was chosen as it often is the
most important paper-property and, in this study, all other
handsheet properties correlated to it. The research was
prompted by previous findings indicating that primary-stage
refining plays a crucial role in determining both pulp char-
acter and energy demand. While existing literature has
documented the energy efficiency benefits of increasing
production rates in mill-scale refining, limited attention has
been paid to the resulting impact on fibre properties.

Experimental findings revealed that increasing pro-
duction rates could lead to a reduction in SRE for achieving a
given TI. However, contrary to expectations based on pre-
vious studies, higher production rates in this trial did not
result in decreased fibre length. Instead, fibre properties
remained consistent across different production rates, sug-
gesting a more nuanced relationship between production
rates, specific energy, and fibre properties.

Regression analysis showed that TI can be explained by
length weighted fibrillation and fibre length in this dataset,
with fibrillation having the stronger influence. Once fibril-
lation is accounted for, TI is effectively independent of fibre
length within the tested range.
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The chi-squared framework provided a complementary
perspective by testing whether full fibre property distribu-
tions differed between samples. These tests showed that
pulps with equal TI were statistically indistinguishable, even
when production rate and plate gap varied, whereas pulps
with different TI displayed clear distributional differences.
This result reinforces the interpretation that fibre-level
refining mechanisms remain consistent at constant TI, and
that observed efficiency gains arise from process conditions
rather than shifts in the underlying fibre distributions, at
least for the present refiner type and feedstock.

In-depth comparisons of fibre property distributions
indicated subtle differences between samples with similar
tensile indices but varying specific energies, and consid-
erable differences among samples with different tensile
indices. The general trend was similar for samples pro-
duced at different production rates and with different
plate gaps.

Overall, the findings suggest that the improved energy
efficiency associated with an increased production rate
primarily stems from more efficient refining processes,
rather than changes in the fibre distributions that yield
different handsheet properties. Since there are no differ-
ences in the distributions at the same TI, the pulp produced
at the enhanced energy efficiency will behave in the same
way as the reference in further development. The general
recommendation to operators should be to always run the
refiners at the highest possible production rate, and to run in
campaigns if the production needs to be reduced. However,
further research is needed to fully understand the intricate
relationships between production rates, specific energy,
fibre properties, and handsheet properties, particularly
regarding fibrillation and its impact on TL
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