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� Pure biosludge was dried with a pilot-
scale dryer using simulated secondary
heat.

� Dry solids content of sludge increased
from 9% to 19–68% during the
experiments.

� Energy consumption of drying varied
within 0.6–1.7 kWh kg�1 H2O.

� Energy efficiency with secondary heat
competitive to industrial scale dryers.
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Drying is an energy-intensive unit operation and future sludge dryers should be able to take advantage of
the secondary energy of industrial environments. This work reports the use of a pilot cyclone for drying
biosludge at low temperatures and simulating the use of secondary waste heat. The pilot-scale experi-
ments were performed according to an experimental design and the results interpreted using principal
components and multiple linear regression. The dry solids content of processed sludge increased from
9 to 19–68% during the experiments with a predicted energy consumption of <1.7 kWh kg�1 H2O.
However, the combined energy consumption was 80–230% higher indicating that the efficiency of sludge
drying was governed by the availability of secondary heat. Drying sludge to solid contents sustainable for
fossil fuel replacement at pulp and paper mills could be performed with secondary heat at a temperature
of 70 �C, a pilot-scale feeding capacity of 170 kg h�1 and a corresponding energy consumption of
1.0 kWh kg�1 H2O. The results suggest that the use cyclones could be an efficient option for future sludge
drying at pulp and paper mills.
� 2017 The Authors. Published by Elsevier Ltd. This is anopenaccess article under the CCBY-NC-ND license

(http://creativecommons.org/licenses/by-nc-nd/4.0/).
1. Introduction

Industrial and municipal wastewater treatment processes gen-
erate significant quantities of residual sludge biomass, which is
currently inefficiently utilized. Within the pulp and paper industry
organic sludge residues are generated during recycled fibre pro-
cessing or primary and secondary wastewater treatment processes
by mechanical, chemical or biological methods. Traditionally these
residues have been landfilled or incinerated, which however suffer
from poor economics due to current trends in waste regulation and
the need for drying or energy-intensive evaporation in the recovery
boilers of pulp and paper mills [1]. In Sweden the industry pro-
duces approximately 550,000 dry tonnes of organic sludge residues
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Table 1
Biosludge characterization.

Parameter Unit Biosludge

Dry solids content (105 �C) % (wb) 9.4
Moisture content (105 �C) kg H2O kg�1 (db) 9.6
Loss-on-ignition (LOI, 550 �C) % (db) 83.0
Ash content (550 �C) % (db) 17.0
Higher heating value (HHV) MJ kg�1 (db) 19.5
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every year, 75% of which is incinerated in the solid fuel or recovery
boilers of pulp and paper mills [2,3]. However, the energy potential
of generated sludge residues has been estimated as 2 TWh per
year, only half of which is currently utilized [3]. Sludge manage-
ment costs can constitute up to 60% of the overall costs of wastew-
ater treatment plants [4] making sludge the most significant solid
waste issue at most pulp and paper mills.

Industrial waste biomass is an ideal energy source as it is pro-
duced in large quantities at specific locations with relatively stable
properties. In addition, it is often readily available, low-cost and
does not compete with land requirements for food production
[5]. However, efficient energy recovery from sludge through incin-
eration, pyrolysis or gasification requires active drying for upgrad-
ing the feedstock. Within the pulp and paper industry sludge is
mechanically dewatered using filter or screw presses and cen-
trifuges, which face difficulties in removing the intracellular or
chemically bound water from sludge suspensions [6]. In addition,
secondary biosludge is generally more difficult to dewater than
primary sludge and thus most mills dewater a mixture of primary
and secondary sludge [4]. In general mechanically dewatered
sludge has an approximate energy content of 2–6 MJ kg�1, which
is significantly lower compared to bark (7 MJ kg�1) and black
liquor (12 MJ kg�1), which are the predominant biofuels of pulp
and paper mills [7].

Further drying of dewatered sludge can be performed with
direct, indirect or combined drying systems [8] relying on different
mechanisms for heat transfer. In direct dryers, such as rotary drum,
flash or belt dryers, heat is transferred by convection through
direct contact with hot gas in the form of air, flue gas or steam.
The operation of indirect dryers, such as rotary disc or rotary tray
driers, is based on conduction and radiation as the heated medium
is physically separated from the drying material [9]. Fluidized bed
dryers can be good examples of combined systems relying both on
convection and conduction by inclusion of immersed heating
tubes. In general indirect systems have the advantage of avoiding
a potentially contaminated heat-carrying medium, as direct sys-
tems can operate on higher temperatures [8,10].

For increasing the efficiency of sludge utilization efforts should
be made for efficiently upgrading the feedstock. As drying is an
energy-intensive unit operation, novel drying processes should
be able to utilize the low-temperature secondary energy of indus-
trial environments [11,12]. Important contributions in the field
have previously been reported by Hippinen and Ahtila [11] with
a rotary laboratory evaporator for activated sludge and Lee and
Cho [13] with a pilot system for sludge that consisted of three indi-
vidual cyclones in series. In addition, Hayashi and Shimada [14,15]
reported the use of a laboratory jet dryer for sludge and Dzik and
Czerski [16] a multicyclone dryer for straw and lignite. We have
previously used a novel low-temperature drying pilot for convec-
tive drying of recycled paper [17] and mixed sludge [18] residues
from pulp and paper mills. However, pure biosludge is especially
problematic to most mills due to respective difficulty of drying
coupled with a limited capacity for incineration of mechanically
dewatered sludge even in light of additional sludge management
costs. Hence this work focuses on the use of the drying pilot for
upgrading pure biosludge with inlet air temperatures equivalent
to potentially available secondary heat, and the use of regression
techniques for respective process modelling.
Lower heating value (LHV) MJ kg�1 (db) 18.2
Volatile content (900 �C) % (db) 68.4
S (1350 �C) % (db) 1.4
C (1050 �C) % (db) 45.1
H (1050 �C) % (db) 5.9
N (1050 �C) % (db) 6.6
Cl % (db) 0.40

wb = wet basis.
db = dry basis.
2. Material and methods

2.1. Sludge sampling and sample processing

Biosludge samples were delivered by a regional pulp and paper
mill producing bleached sulphate pulp (750,000 t y�1) for fine
paper production (810,000 t y�1). Mill effluents were biologically
treated in an activated sludge process preceded by primary gravi-
tational settling. The surplus sludge from secondary clarification
was dewatered with a belt press and a centrifuge producing
approximately 120 t d�1 (db) of pure biosludge. A sludge shipment
of approx. 2.5 t was received and stored in a cold container (+4 �C)
prior to drying. Each sludge container was sampled and the indi-
vidual samples were combined, homogenized and partitioned by
coning and quartering [19]. The attained sample was characterized
as previously described [17] and the attained results are provided
in Table 1. After sampling the containers were dried as received.
2.2. Drying experiments

The pilot experiments were performed with a pilot-scale
cyclone dryer on representative five minute intervals, Fig. 1. The
equipment and sludge feeding through a screw pump were
allowed to stabilize before the experiments to ensure representa-
tive temperature, humidity and material flow conditions. The use
of secondary heat (690 �C) was simulated through combustion of
pellets in a separate combustion unit. Temperature, relative
humidity and absolute and differential pressure values within dif-
ferent parts of the process were measured using instruments from
GHM-Greisinger (GHM Messtechnik, Germany) and Pentronic
(�Pentronic, Sweden). The instruments were used in their factory
settings with approximate accuracies within ±0.2–1.5% of given
full scale values. Mean values of relevant temperature, relative
humidity, absolute and differential pressure, and electricity con-
sumption values representative of the experimental interval were
used for process calculations as the process was running stable
during all of the experiments. Processed sludge was sampled three
times during the experiments and subsequently sealed in plastic
bags. At the end of each day, three approximately 300 g samples
of the feed and processed sludge were placed on stainless steel
plates and their dry solids contents measured after holding in a
drying chamber at 105 �C overnight. Mean values of the three sam-
ples were then used for further calculations and regression
modelling.

The experiments were organized according to an experimental
design composed of 17 individual experiments including three
repetitive center-points. Inlet air temperature, sludge feeding rate
and humid drying air recirculation were respectively varied on
three different levels within 50–90 �C, 100–250 kg h�1 and 1–3
indicating minimum to maximum air recirculation. However, as
experiments combining low inlet air temperature (50 �C) with high
sludge feeding rate (250 kg h�1) proved problematic they were
excluded from the design requiring two additional experiments
compared to conventional central composite designs [20].



Fig. 1. The pilot set-up (M = measurement point for electricity input, temperature, relative humidity, absolute or differential pressure).
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As illustrated in Table 2, the final design was thus composed of 19
individual experiments. In addition, 4 verification experiments
were performed for testing the acquired regression models with
experimental settings not included in the original design. Ambient
temperature, relative humidity (RH) and feed moisture content
were included as uncontrolled variables.

2.3. Calculations and data interpretation

After the analysis of feed and processed sludge samples, mean
values of the specific (Eq. (1)) and combined energy consumption
(Eq. (2)) of sludge drying were calculated according to:

Espe ¼ Wfan

FðXfeed � XdriedÞ ð1Þ

Ecom ¼ Wfan þ Qsh

FðXfeed � XdriedÞ ð2Þ

where Wfan denoted the power input to the fan motor (kW), F the
sludge feeding rate (kg h�1, d.w.), X the moisture content of feed
Table 2
Experimental conditions and measured or calculated response values.

Experiment n:o Experimental conditions

Inlet air temperature (�C) Sludge feeding (kg h�1) Valve

1 50.9 120 1
2 89.1 108 1
3 50.9 168 1
4 87.5 258 1
5 52.0 90 3
6 91.1 114 3
7 48.9 168 3
8 90.8 246 3
9 49.9 174 2
10 90.1 156 2
11 69.5 108 2
12 65.9 240 2
13 71.7 138 1
14 71.0 174 3
15 69.6 174 2
16 70.2 168 2
17 70.3 156 2
18 69.8 222 1
19 70.2 210 3
v1 60.1 138 3
v2 61.3 150 3
v3 79.5 198 3
v4 80.3 228 3

v = verification.
or dried sludge (kg H2O kg�1 db) and Qsh the sensible heat in drying
air (MJ h�1) prior the fan transformed to kilowatts. As the fuel con-
sumption of the heating unit could not be measured, Qsh was calcu-
lated based on the difference between ambient and inlet air
temperature attained by heating. Process characteristics including
air flow velocities, dry and humid air properties and sensible heat
in drying air were calculated based on raw process data as previ-
ously described [17,18]. Normal temperature and pressure (NTP)
conditions were defined as 20 �C and 101.325 kPa.

After calculation of response variables a 23 � 12 data matrix
including individual experiments as the rows and experimental
conditions or measured or calculated response values as the corre-
sponding columns was constructed. Principal component scores
and loadings of the data matrix were determined based on:

X ¼ t1pT
1 þ t2pT

2 þ . . .þ tnpT
n þ En ð3Þ

where X denoted the data matrix, vectors t and p the principal com-
ponent scores and loadings, and En the residual matrix after n
components. The data in X were processed by subtracting the mean
and dividing by the standard deviation of each column to allow
Responses

position Dry solids (%) Espe (kWh kg�1 H2O) Ecom (kWh kg�1 H2O)

25.4 1.59 3.22
43.6 1.33 4.31
20.8 1.16 2.19
21.9 0.61 1.94
59.7 1.72 3.01
68.3 1.13 3.33
20.5 1.23 2.24
21.7 0.74 2.08
22.2 1.02 2.33
43.5 0.93 2.70
52.0 1.29 3.37
19.5 0.83 1.93
26.9 1.32 3.26
26.7 0.92 2.21
39.0 0.86 2.25
27.3 1.23 2.99
32.6 1.01 2.77
19.1 0.92 2.25
20.3 0.95 2.34
36.6 1.09 2.41
34.5 1.08 2.40
27.5 0.82 2.25
22.8 0.83 2.23



Table 3
An overview of process conditions during the experiments.

Parameter Unit Range

Ambient temperature �C 12–31
Ambient RH % 24–50
Feed dry solids content % 8.9–9.5
Feed moisture content kg H2O kg�1 (db) 9.5–10
Feeding rate kg h�1 90–258
Feeding rate kg h�1 (db) 8.3–23
Inlet air flow 103 m3 h�1 (NTP) 11–13
Inlet air temperature �C 49–91
Sensible heat, inlet air (Qsh) MJ h�1 340–920
Fan temperature input �C 25–28
Power input, fan motor (Wfan) kW 112–128
Nominal air velocity (after fan) m s�1 91–99
Humid air recirculation 103 m3 h�1 (NTP) 1.2–2.2
Processed sludge dry solids % 19–68
Removed water kg h�1 70–190
Removed water kg H2O kg�1 (db) 5.6–9.2
Temperature, humid drying air �C 56–90
RH, humid drying air % 4.0–11
Specific energy consumption (Espe) kWh kg�1 H2O 0.61–1.7
Combined specific energy consumption (Etot) kWh kg�1 H2O 1.9–4.3

RH = relative humidity.
db = dry basis.
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comparison between variables given in different units. Both scores
and loadings (t and p, respectively) were scaled for plotting
purposes with c = 1/4 as described in ref. [21].

In addition, individual multiple linear regression models for the
dry solids content of processed sludge (%) and specific and com-
bined energy consumption (kWh kg�1 H2O), including all factors,
interaction and quadratic terms, were determined through:

y ¼ Zbþ e ð4Þ
where y denoted the vector of analyzed or calculated responses, Z
the centered experimental design matrix in coded variables, b the
coefficient vector including controlled and uncontrolled factors,
and e the residual vector. Based on (Eq. (4)), the estimated model
coefficients were solved by minimizing the sum of squares of model
residuals through the least-squares estimate:

b ¼ ðZTZÞ�1
ZTy ð5Þ

and refined by testing the variance of individual coefficients against
the variance of model residuals. Model residuals were calculated
based on the difference of observed and predicted response values
according to:

e ¼ y � ŷ ð6Þ
where ŷ denoted the predicted values according to:

ŷ ¼ Zb ð7Þ

The R2 parameter was used to describe the explained variation
in the original data sets:

R2 ¼ 1� SSres
SStot

ð8Þ

where SSres constituted the sum of squares of the model residuals
and SStot the total sum of squares corrected for the mean. The root
mean squared errors (RMSE) of performed verifications for an indi-
vidual model were calculated through:

RMSE ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiPm

i¼1ðyi � ŷiÞ2
m

s
ð9Þ

where yi and �yi denote observed and predicted values and m the
number of performed verifications.
3. Results and discussion

The dry solids content of processed sludge was in the range 19–
68% during the experiments (Table 3). Sludge feeding was per-
formed directly into the inlet air stream through a screw pump
with a pressurized air inlet, which disintegrated sludge particles
entering the cyclone (Fig. 1). The feeding system was controlled
by a frequency converter coupled to the screw pump and after ini-
tial calibration worked reliably and was easy to control.

As illustrated in Table 3, ambient relative humidity varied
within 24–50% with respective absolute humidities of 2.1–9.0
10�3 kg H2O kg�1 during the experiments. Absolute humidity in
the humid drying air between the cyclone and the filter unit
(Fig. 1) varied within 1.1–2.1 10�2 kg H2O kg�1. With humid drying
air temperatures of 56–90 �C and an absolute pressure of 1 bar, the
corresponding relative humidities were in the range 4–11% indi-
cating that the humid drying air could contain significantly higher
moisture levels due to the high inlet air volumes used. The inlet air
volumes varied within 11–13 103 m3 h�1 under NTP conditions and
led to a power requirement of 112–128 kW from the electrical
motor used for running the fan. This led to a specific energy
consumption of 0.6–1.7 kWh kg�1 H2O with a respective combined
energy consumption of 1.9–4.3 kWh kg�1 H2O.
3.1. Principal components

The effects of inlet air properties and correlations between mea-
sured or calculated response variables can be conveniently illus-
trated through the determined principal components. The first
principal component explained 44% of variation in the data matrix
and mainly included the effects of inlet air temperature and sludge
feeding rate. As illustrated in Fig. 2a, increasing inlet air tempera-
ture decreased air density and respective inlet airflow under NTP
conditions. This in turn correlated with a decreased power require-
ment from the fan motor and decreased the specific energy con-
sumption (Espe) of sludge drying.

The second principal component explained 31% of variation
generated mainly by the effect of sludge feeding rate. Sludge feed-
ing rate governed the amount of water to be removed and was
inversely correlated with the solid content of processed sludge
and combined energy consumption of sludge drying (Ecom). Com-
pared with specific energy consumption, combined energy con-
sumption was calculated by including the theoretical energy
requirement of air heating, Qsh (Fig. 2a). This provided a possibility
to simulate the importance of acquiring the sensible heat in inlet
air through the use of secondary waste heat.

The third principal component explained the effect of humid air
recirculation on the pressure values measured from below the
cyclone body and on the solid content of processed sludge, Fig. 2b.
Air recirculation increased sludge dry solids and the measured
pressure values and possibly had an effect on the pressure profile
within the cyclone. As described by Edler [22], significant pressure
drops in cyclones are generally created by increases in radial accel-
eration due to a change in tangential velocity. Rotation of an air
medium inside a cyclone hence establishes a pressure field where
pressure decreases as a function of flow radius towards the center
of a horizontal cross-section. This enables energy efficient opera-
tion of cyclone dryers at relatively low temperatures although they
have thus far had limited industrial application [23]. Overall the
first three principal components explained 91% of variation in the
data set and proved useful in providing an overview of the
experiments.



Fig. 2. Biplots of (a) the first and second and (b) the first and third principal component scores and loadings. Abbreviations: Temp, inlet air temperature (�C); Feed, sludge
feeding (kg h�1); Valve, humid air recirculation; AD, air density (kg m�3); AF, air flow (103 Nm3 h�1); Pfan, power requirement of fan motor (kW); p, pressure under cyclone
(mbar); Qsh, sensible heat in drying air (prior to fan, MJ h�1); H2Orem, water removed (kg h�1); Solids, dry solids of processed sludge (%); Espe, specific energy consumption
(kWh kg�1 H2O); Ecom, combined energy consumption (kWH kg�1 H2O).

796 M. Mäkelä et al. / Applied Thermal Engineering 116 (2017) 792–798
3.2. Individual regression models

Individual regression models were determined for the dry solids
content of processed sludge (%) and respective specific and com-
bined energy consumption (kWh kg�1 H2O) of sludge drying based
on the experimental conditions. Interactions, higher order model
coefficients and uncontrolled variables describing ambient tem-
perature, RH and feed moisture content that were found statisti-
cally insignificant were removed (p > 0.05). The final model
coefficients are illustrated in Fig. A.1 (Supplementary material).
All three models were statistically significant on a p < 0.01 signifi-
cance level and did not contain lack of fit (Tables A.1–A.3).

The normal probability of model residuals was determined for
detection of potential outliers (Fig. A.2). In general model residuals
are expected to represent random experimental error thus ensur-
ing reliable error estimates for the determined model coefficients.
Few potential outliers were detected and were further examined
for potential leverage in the models [24] (Fig. A.3). Only experi-
ment n:o 2 was deemed as a potential high-leverage outlier in
the combined energy consumption model. However, exclusion of
the data point did not increase the R2 value of the model and
had a minor effect on the variance estimate. Overall, the models
explained 86–95% of variation in the individual data sets. The
RMSE values illustrated in Table 4 provide an approximation of
the mean error that occurred during the performed verification
experiments expressed in original model units. Uncertainty of
model predictions was also expressed as 95% confidence intervals
given in Fig. A.4.

The behavior of attained models is best illustrated through the
use of contour plots. As shown in Fig. 3, the dry solids content of
processed sludge increased as a function inlet air temperature
Table 4
Characteristics of the determined regression models.

Model R2 RMSE

Dry solids content (%) 0.95 2.6
Specific energy consumption, Espe (kWh kg�1 H2O) 0.88 0.10
Combined energy consumption, Ecom (kWh kg�1 H2O) 0.86 0.20

RMSE = root mean squared error.
and sludge feeding rate (Fig. 3a). The specific energy consumption
of sludge drying decreased at higher temperatures and feeding
rates due to decreasing air density and likely the increased avail-
ability of free water from the polymeric matrix of sludge suspen-
sion (Fig. 3b). However, the predicted combined energy
consumption values were 80–230% higher (Fig. 3b and c), indicat-
ing that the energy efficiency of sludge drying was governed by the
availability of secondary waste heat.

We have previously tried to model the combined energy con-
sumption of sludge drying with this pilot [17,18], but have not
been successful most likely due to the effect of inlet air tempera-
ture. As illustrated in Fig. 2, increasing inlet air temperature
increased the sensible heat in drying air but simultaneously
lowered the power requirement from the fan motor due to the effect
of air density thus having opposite effects on combined energy
consumption. Nebra et al. [23] have compiled information on var-
ious dryer types for the drying of sand. Rotary, pneumatic, fluidized
bed and cyclones dryers operated with a respective energy con-
sumption of 1.9, 1.1, 1.0 and 0.9 kWh kg�1 H2O, and only cyclone
dryers were able to operate at low temperatures (70 �C) with com-
paratively lower power requirements. Low operation temperature
makes cyclone dryers ideal for process integration through utiliz-
ing available secondary energy within process industries [11,12].

According to previous estimations an average sized pulp and
paper mill could theoretically substitute one third of consumed
fossil fuel by drying 130 t d�1 of dry sludge to an effective energy
content of 5.5 MJ kg�1 (wb) [25]. For biosludge with an energy con-
tent of 18 MJ kg�1 (db) and 9% initial dry solids (Table 1), this
would require a final dry solids content of at least 30% for pro-
cessed sludge. As illustrated in Fig. 3, a dry solids content of 30%
was easily achievable with pure biosludge, the respective feeding
capacity determined by inlet air temperature. As an example, an
inlet air temperature of 70 �C would allow an approximate sludge
feeding capacity of 170 kg h�1 in pilot scale. Assuming the dryer
could be integrated to an existing industrial environment where
secondary heat was available at this temperature, 30% dry solids
with a feeding capacity of 170 kg h�1 would lead to a specific
energy consumption of 1.0 ± 0.3 kWh kg�1 H2O with 95% certainty.
Such energy efficiency has been reported competitive with indus-
trial scale belt, drum and flash sludge dryers [10] and would also



Fig. 3. Contour plots of (a) dry solids content (%) of processed sludge and (b)
specific and (c) combined energy consumption (kWh kg�1 H2O) of sludge drying as
a function of inlet air temperature and sludge feeding rate under maximum air
recirculation.
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ease the capacity problems of sludge incineration at pulp and
paper mills.

4. Conclusions

Efficient operation of the pilot-scale dryer was governed by the
availability of secondary heat. The dry solids content of processed
sludge increased from 9 to 19–68% during the experiments. The
determined regression models indicated that the specific energy
consumption of sludge drying was in the range 0.6–1.7 kWh kg�1

H2O and decreased at higher temperatures due to a decrease in
air density and the respective power requirement of the fan motor.
However, the respective combined energy consumption, which
included the theoretical energy requirement of air heating, was
80–230% higher indicating that the availability of secondary
energy was essential for efficient operation of the dryer. Drying
biosludge to a dry solids content sustainable for fossil fuel replace-
ment at pulp and paper mills could be performed with waste heat
at a temperature of 70 �C allowing a pilot-scale feeding capacity of
170 kg h�1. The resulting energy consumption would be competi-
tive with current industrial scale sludge dryers and shows promise
for using cyclones for sludge drying at lower temperatures.
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