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Abstract: In this study, the effects of low consistency refin-
ing (LCR) energy and intensity on mechanical pulp prop-
erties have been studied for three different types of re-
ject pulps (softwood TMP, softwood CTMP and hardwood
CTMP), which were refined at varying intensity. Result-
ing pulp properties have been compared with high consis-
tency refining (HCR) of the same reject pulps. For all fur-
nish types, it was shown that LCR can develop pulp prop-
erties matching those developed through HCR with sig-
nificantly less energy. The resulting pulp properties were
found to be affected not only by refining intensity and en-
ergy, but also by initial fibre morphology. Pilot LCR trials
demonstrated that high freeness reject pulp is initially in-
sensitive to refining intensity as specific energy is applied.
This enables the first stage of LCR to be carried out at a
higher specific energy and intensity, which can reduce the
number of stages of LCR required to reach a target qual-
ity. This work shows that low intensity LCR is capable of
achieving the same tensile index as HCR pulp at a target
freeness of 200 ml CSF.

Keywords: energy efficiency; hardwood pulps; low con-
sistency refining; refining energy; refining intensity; soft-
wood pulps; thermomechanical pulping; TMP.

Introduction

Low consistency refining (LCR) has the potential to reduce
energy consumption of the mechanical pulping process
and can achieve certain pulp quality targetswith lower en-
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ergy consumption when compared to high consistency re-
fining (HCR). LCR has been used in TMPmills increasingly
since the 1970s, first in tertiary and post-refining (Flowers
et al. 1979, Bonham et al. 1983, Vaughn et al. 1998), and
more recently in secondary and reject stages of refining
in place of HCR (Hammar et al. 1997, Muenster et al. 2006,
Eriksen andHammar 2007, Sabourin 2007, Sandberg et al.
2009, Hammar et al. 2010, Luukkonen et al. 2010, Chang
et al. 2011, 2012, Luukkonen 2011, Andersson et al. 2012,
Gorski et al. 2012a, 2012b, Elahimehr et al. 2012, Luukko-
nen et al. 2012, Fernando et al. 2014, Elahimehr et al. 2015,
Sandberg et al. 2016).

Previous refining studies of Norway spruce and
spruce-pine-fir mix (SPF) primary pulp show energy sav-
ings of 20% when refining to a 40Nm/g tensile index
(Eriksen and Hammar 2007, Gorski et al. 2012a). However,
LCR was detrimental for other properties including tear
and long fibre content. The observed differences are due
to the different fibre morphology resulting from the HCR
and LCR processes. It is well documented that fibre mor-
phology changes during HCR and LCR can be quite dif-
ferent (for example, in Fernando et al. 2014, Gorski et al.
2012b). LCR is more efficient at internally and externally
fibrillating the fibres when compared with HCR. In addi-
tion, LCR can produce high axial loads on the fibres that
causes them to rupture. It is expected that coarser fibres,
like those in the reject stream, are stronger and rupture
at a higher load and are therefore able to be refined at
higher intensities without being cut. Thus, the potential
for energy savings using LCR on long coarse reject fibres
is thought to be greater. Indeed, it has been found that in-
creasing the long fibre content will decrease fibre shorten-
ing (Andersson et al. 2012).

The work presented here focuses on determining the
optimal refining conditions for coarse reject pulp of differ-
ent feeds (softwood TMP, softwood CTMP and hardwood
CTMP) and determining the potential energy savings of
LCR for these applications.

Pulp is refined to reduce shives, develop strength, in-
crease densification and improve formation. These prop-
erties are developed through various fibre morphology
changes. The refiner changes the properties by loading the
fibres and performing work. There is a compressive force

Open Access. © 2018 Fernandez et al., published by De Gruyter. This work is licensed under the Creative Commons Attribution-
NonCommercial-NoDerivatives 4.0 License.

https://doi.org/10.1515/npprj-2018-3006
http://www.npprj.se
mailto:james.olson@ubc.ca
mailto:ffernandez@allnorth.com
mailto:mark.martinez@ubc.ca


22 | F. J. Fernandez et al.: Investigation of low consistency reject refining of mechanical pulp for energy savings

to maintain the small gap and a shear force as a result of
friction. Both forces cause changes in fibre morphology.
The shear force delaminates the fibres (external fibrilla-
tion) in two ways, generating fines and fibrils, and reduc-
ing the fibre wall thickness so that fibres are more flexible.
As fibres are delaminated, they become more compress-
ible. The compressive force deforms the fibre, breaking in-
ternal bonds (internal fibrillation) andmaking fibres more
collapsible. All mechanisms occur simultaneously in dif-
ferent degrees and have been documented in the litera-
ture (Kerekes andSenger 2006,Kerekes 2010,Heymer et al.
2011). Furthermore, other research (Goosen et al. 2007) has
shown that refining is a stochastic process. Some fibres
can be treated several times in the refiner, while some fi-
bres travel through the refiner grooves without ever being
loaded. Thus, there are great challenges in predicting the
pulp properties through the refining process.

From the initial work of Brecht (1967) on the Specific
Edge Load model to the more recent work by Lumiainen
(1990) on the Specific Surface Load model and Kerekes
(1990) on the C-factor model, researchers have traced the
fibremorphology to refiner operating parameters. It is well
known that both refining energy and intensity play a ma-
jor role in pulp property development. As energy is added
to the pulp and bonds are broken, fibres are more flexible,
resulting in a higher strength and smoothness. As refining
intensity is increased, increased fibre cutting is expected.

In LCR a considerable amount of energy is used to
transport the pulp through the refiner and to overcome
the hydraulic and mechanical losses of the refiner rota-
tion; known as the “No-Load” power. The No-Load power
is measured with the discs 2.5mm apart with the suspen-
sion flowing through the gap. The power applied above
this limit is known as the “net refining power” Pnet and
is expended in the form of loading events or bar crossing
events, where the pulp is compressed and strained.

SEL represents the energy distribution through the re-
finer plate (machine intensity). It does not represent the
energy distribution throughout the treated pulp (fibre in-
tensity). There are other machine-intensity based factor-
izations such as specific surface load (SSL) (Lumiainen
1990) as well as fibre-intensity based factorizations such
as the C-factor (Kerekes 1990). Roux (2001) also summa-
rized these difference measurements in relation to stock
preparation and pulp treatment. However, if consistency
is kept constant, an increase ofmachine intensitywill lead
to an increase in fibre intensity. In this study, it is not our
intention to compare the quality of the different predictors
but rather to analyze the difference in pulp response with
treatments of varying intensity.

Materials and methods
This study uses furnish from twomills in British Columbia,
Canada. Both mills provided long fibre fractions, i. e.
screen reject pulp, for LC refining at UBC Pulp and Pa-
per Centre (UBC-PPC) as well as HC refined reject samples
for comparison. The softwood TMP reject pulp is hemlock,
and the mass reject rate from the mill screening system
was close to 25% and the reject pulp was HC refined to
2100 kWh/t. The hardwood CTMP is aspen and the soft-
wood CTMP is a spruce-pine-fir (SPF) mix from residual
chips. The mass reject rate of the mill CTMP pulp screen-
ing system was approximately 23% and was HC refined
to 678 kWh/t. The consistency of the pulp provided by the
mills was between 32% and 36%. Table 1 summarizes the
feed furnish properties.

Table 1: Feed Furnish Properties.

Furnish Species ml CSF Fibre
Length

(mm LW)

Tensile
Index

(Nm/g)

Bulk
(cm3/g)

SW TMP Hemlock 550 2.10 27.00 4.10
SW CTMP Spruce,

pine, fir
(SPF)

710 1.74 8.03 5.34

HW CTMP Aspen 715 0.93 5.57 3.83

Table 2: Bar patterns of the 3 Finebar® plates used.

Plate BEL
(km/rev)

Bar Width
(mm)

Groove Width
(mm)

Groove Depth
(mm)

Bar Angle

2.01 2.0 3.6 4.8 15°
2.74 1.6 3.2 4.8 15°
5.59 1.0 2.4 4.8 15°

Low consistency refining trials were performed at the
UBC-PPC using a 14” Aikawa single disc refiner with 16”
overhung Finebar® plates, whose details are shown in Ta-
ble 2.

For all refining trials, pulp was diluted to about 3%
consistency in hot water (50°C, temperature limited by the
municipal water supply to the building).

Thepulpwasfirst recirculated through the refinerwith
plates at open plate gap, a “No Load” sample was taken.
The gapwas then reduced tomeet the target intensity, and
samples were taken at determined time periods. The no
load power for the refiner was 22.5–27 kW.

Table 3 shows the refining conditions for the trials
with the different pulps. The intensity (specific edge load,
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Table 3: Refining parameters for low consistency refining trials.

Trial Pulp Plate BEL (km/rev) SEL (J/m)

1 SW TMP 5.59 0.13
2 SW TMP 5.59 0.15
3 SW TMP 5.59 0.43
4 SW TMP 2.74 0.48
5 SW TMP 2.01 0.67
6 SW CTMP 5.59 0.20
7 SW CTMP 2.74 0.22
8 SW CTMP 5.59 0.34 (0.22-0.39)
9 SW CTMP 5.59 0.6 (0.4-0.7)

10 HW CTMP 5.59 0.12
11 HW CTMP 5.59 0.18 (0.19-0.15)
12 HW CTMP 5.59 0.26 (0.34-0.22)
13 HW CTMP 5.59 0.34
14 HW CTMP 5.59 0.37 (0.39-0.30)

For all trials, refiner speedwas 1200 RPM. Flow rate for TMP trialswas
maintained at 300 l/min and for CTMP trials, 250 l/min. Bold values
of SEL decreased slightly during the trial – mean value given in table
and range in brackets.

SEL) values in bold indicate that the target refining inten-
sity was not maintained as the power would decrease at
constant gap during refining. Thus, the initial intensity
was always somewhat lower than the target intensity.

All pulp testing was performed in the UBC-PPC lab ac-
cording to TAPPI standards.

Results and discussion
In this section, we include separate sub-figures for each
furnish type, each following the convention: (a) is soft-
wood thermomechanical pulp (SW TMP), (b) is softwood
chemi-thermomechanical pulp (SW CTMP), and (c) is
hardwood chemi-thermomechanical pulp (HW CTMP).
The reported intensity shown in the legend of all figures
is the energy weighted intensity, calculated by weighting
the intensity of each stage by the net specific energy added
at that intensity. Each figure also includes the comparative
HC refined mill sample.

Trials and data collection took place in 2013 and
2014. While shives were not originally part of the scope of
the trial design, the authors acknowledge that shive data
would have been helpful to extend the data analysis. Un-
fortunately at the time of the trials, the UBC Pulp and Pa-
per Centre lab did not have a shive analyser in order to take
these measurements.

Figure 1 shows the freeness versus specific energy con-
sumption (SECNet) for all trials. Figure 1a shows that a con-
siderable amount of energy (approximately 200 kWh/t)

Figure 1: Freeness response against net specific energy consump-
tion for the various feeds and refining intensities.
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can be added to the SW TMP pulp at different intensities
and result in a similar freeness drop. After 200 kWh/t, high
intensity treatments lead to lower freeness values when
compared to the same energy.

A similar behavior is found for the SW CTMP pulp in
Figure 1b. It is hypothesized that this is because prior to
refining, fibres are coarse and strong enough to withstand
high intensity refining.We suggest that after being refined,
fibre coarseness is reduced and fibres become weaker and
subsequent refining at high intensity causes the fibres to
rupture, whereas low intensity leads to fibre fibrillation.

In the case of HW CTMP in Figure 1c, there was no ob-
served rangewhere freeness was independent of intensity.
It is possible that this is not the case for higher refining in-
tensity values (greater than 0.4 J/m) or for very low inten-
sities (less than 0.2 J/m). The use of ultra-low intensity re-
fining of HW CTMP is the subject of future investigations.
Higher intensity values were not possible to obtain given
the loadability of the pulp and the bar pattern of the plate
used.

Figure 2 shows tensile index development for the dif-
ferent reject pulps. In the case of SWTMP (Figure 2a), refin-
ing intensity in the range tested is not an important factor
when refining to a given freeness value. Similar behavior
canbe found for theSWCTMPpulp inFigure 2b. In the case
of the HWCTMPpulp, Figure 2c shows that lower intensity
refining (SEL of 0.26 J/m or lower) is capable of achieving
a better tensile development than HC refining at a target
freeness.

In the previous section, we saw that hemlock (SW
TMP) required less energy than SPF (SW CTMP) to refine
to a given freeness. Moreover, Figure 2 shows that the ten-
sile index developed when compared to the same free-
ness is much higher for hemlock, SW TMP than for SPF,
SW CTMP (52Nm/g vs 30Nm/g at 200 ml CSF). Figure 2
also shows that even though aspen (HW CTMP) shows the
fastest freeness drop with energy, it does not develop as
much strength. Furthermore, HW has a lower starting fi-
bre length (0.9mm vs 2.1mm), which also contributes to
the lower strength.

Lastly, both Figure 1 and Figure 2 show that signifi-
cant energy savings without losses in quality are achiev-
able with low consistency refining. Low intensity LC re-
fining of SW TMP is capable of reducing the net specific
energy from 1000 kWh/t (with HC refining) to 400 kWh/t.
For SW CTMP and HW CTMP, the required net specific en-
ergy is reduced from 900 kWh/t to 300 kWh/t and from
680 kWh/t to 180 kWh/t, respectively. Low consistency re-
fining is thus capable of reducing the load on SW reject
refining by 60% of the net specific energy added through

Figure 2: Tensile index development as freeness is lowered through
different intensity refining for different feed pulps.
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high consistency refining. This equates to 6.5%of the total
net refining energy at a mass reject rate of 25%.

In order to provide insight to the underlying mecha-
nisms of refining, the average fibre length and per cent
fines were also measured, as shown in Figure 3 and Fig-
ure 4, respectively (note that data is not available for all
samples). Fines are defined as fibres of length less than
0.2mm.

As can be seen in Figure 3a, low intensity refin-
ing preserves the fibre length as energy is added to the
pulp. Furthermore, for the initial energy range (less than
200 kWh/t) it is observed that even high intensity does not
result in significant fibre cutting. Beyond this threshold,
high intensity treatments yield shorter fibres. Figure 3b
shows that it is slightly more difficult to preserve length in
SPF, SW CTMP, through refining than with hemlock (SW
TMP, Figure 3a). This was the opposite of what we ex-
pected. The higher coarseness of SPF should result in a
stronger fibre against rupture. Nevertheless, the shorter
length may be due to the heterogeneity of the furnish as
the longer fibres in the SPFmix do not necessarily have the
highest coarseness. Figure 3c shows that the aspen (HW
CTMP) does not maintain its length even with low inten-
sity treatments. Although the aspen is thick-walled com-
pared to its width, it has a low coarseness and thus a low
strength towards rupture.

From Figure 4, we can deduce that initially, refining
develops strength by generating fines. Initially, these fines
do not come from cutting the fibres since Figure 3 shows
that fibre length is preserved, but from external delami-
nation of the fibre wall. Beyond the threshold, high inten-
sity refining continues to generate fines, at a significantly
faster rate than low intensity refining. The difference is
that these fines are actually the result of fibre cutting.

The results of this study show that the development
of reject pulp properties can be explained by three domi-
nating mechanisms: abrasion leading to external fibrilla-
tion and higher flexibility; compression leading to internal
fibrillation and higher flexibility; and friction causing an
axial force the can lead to fibre cutting. It is believed that
thesemechanisms of pulp property development of the LC
reject refined pulp are somewhat sequential and change
as fibres become further refined. Since reject fibres are ini-
tially rigid and coarse they have a higher resistance toward
compression and internal fibrillation. Thus, they are ini-
tially de-coarsed by the abrasion mechanism of low con-
sistency refining. The amount of material removal (gener-
ated fines) is known to be related to the amount of energy
added in the form of work of the shearing force acting on
thefibres (Kerekes 2010). This initial fines generation is not
the result of intensity but of work provided by the shear

Figure 3: Fibre length preservation as energy is added to the differ-
ent types of reject pulps.
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Figure 4: Fines generation as energy is added to the different types
of reject pulps.

force on the fibre. This explains the high degree of corre-
lation between energy and property development during
the first range of energy. As fibres become less coarse, they
becomemoreflexible andoffer less resistance for compres-
sion. This leads to internal fibrillation which continues to
develop strength. Nevertheless, since fibres are less coarse
they are also prone to being ruptured by the axial loads
leading to fibre cutting. This explains why in some cases,
tensile index continues to be developed while length is
shortened. By decreasing the force, fibres can continue
to be developed through external fibrillation without be-
ing cut.

Conclusions

This pilot study investigated the effect of low consistency
refining conditions on the pulp property development of
long fibre (reject) TMP. In this study, it has been found that
low consistency refining is capable of reducing the load on
softwood reject refining by 60% of the net specific energy
added through high consistency refining. This equates to
6.5% of the total net specific refining energy at a mass re-
ject rate of 25%.

In order to achieve pulp properties similar to HC re-
fining, the pulp must be refined at low intensity after the
threshold where the fibres have been fibrillated to the
point that they are weak to resist the axial loads. Thus,
when determining the optimal intensity, it is important to
consider not only the pulp furnish and length but also the
starting freeness prior to refining.
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